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This r e p o r t  covers t h e  a n a l y s i s  of requirements and t h e  d e t a i l e d  c i r c u i t  
design phase of t h e  power condi t ioning e l e c t r o n i c s  f o r  a nuc lea r  powered 
ou te r  p l a n e t  s c i e n t i f i c  spacec ra f t  w i th  a twelve year  l i f e .  A s tudy w a s  
completed t o  i d e n t i f y  a n  optimum- frequency range f o r  ope ra t ion  of 
e l e c t r o n i c  power processors ,  and a comparison w a s  made of t h r e e  candidate  
electrical  power d i s t r i b u t i o n  conf igu ra t ions .  The e lectr ical  design of a 
two phase i n v e r t e r ,  a quad redundant shunt r e g u l a t o r ,  a DC t o  DC conve r t e r ,  
and t y p i c a l  power switching c i r c u i t s  w a s  advanced and d e t a i l e d  schematics 
are presented.  Add i t iona l ly ,  t h e  e l e c t r o n i c  p i e c e  p a r t s  of t h e  f r o n t  end 
of a Jensen o s c i l l a t o r  were packaged u t i l i z i n g  t h i c k  f i l m  m i c r o c i r c u i t  
techniques f o r  improvement. 
The o b j e c t i v e  w a s  a design t o  provide r egu la t ed  power f o r  engineering and 
sc i ence  subsystems from a r ad io i so tope  the rmoe lec t r i c  gene ra to r ,  and t o  
perform switching and c o n t r o l  func t ions  f o r  t h e  e f f e c t i v e  management and 
d i s t r i b u t i o n  of e lec t r ica l  power. The b a s e l i n e  e lectr ical  power subsystem 
e s t a b l i s h e d  provides  an optimized design t o  match t h e  power source with 
t h e  e lectr ical  loads ,  and a l s o  provides  P e l t i e r  cool ing a t  a l l  t i m e s  t o  
extend thermocouple l i f e .  
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INTRODUCTION AND SUMMARY 
This Quarter ly  Technical Report f o r  t h e  per iod 1 J u l y  1969 through 
30 September 1969 w a s  prepared i n  accordance wi th  Art ic le  2 . ( c ) (3 )  of 
Jet  Propuls ion Laboratory Contract 952536. 
SUBJECT OF REPORT 
The r e p o r t  covers ac t iv i t i e s  of t h e  second q u a r t e r ,  cons i s t ing  p r imar i ly  
of d e t a i l e d  design of t h e  e l e c t r o n i c  c i r c u i t s  t o  m e e t  subsystem requirements; 
and a p a r a l l e l  e f f o r t  t o  analyze t h e  system and subsystem requirements 
t o  d e f i n e  an optimum frequency f o r  power condi t ioning and t h e  most d e s i r a b l e  
form of electrical  power d i s t r i b u t i o n .  
OBJECTIVES 
The o b j e c t i v e  of t h i s  work i s  t o  develop, design,  and test new technology, 
c i r c u i t s ,  processes ,  and concepts t o  advance t h e  s ta te  of t h e  a r t  i n  
e l e c t r o n i c  power condi t ioning equipment and t o  a s s u r e  ope ra t ing  t i m e s  
i n  excess of twelve years .  A p a r a l l e l  o b j e c t i v e  i s  t o  design,  develop, 
f a b r i c a t e  and d e l i v e r  hardware f o r  i n t e g r a t i o n  and test .  
WHY WORK IS  BEING DONE 
This work i s  being done t o  optimize power condi t ioning equipment and t o  
a s s u r e  compa t ib i l i t y  between t h e  r ad io i so tope  the rmoe lec t r i c  generator  
and t h e  s p a c e c r a f t  loads,  and t o  develop confidence i n  meeting t h e  twelve 
year l i f e  requirement of i n t e r p l a n e t a r y  missions.  
CONCLUSIONS 
Inter im conclusions are t h a t  t h e  design must be  versatile t o  meet t h e  
c o n f l i c t i n g  requirements of optimized design,  v e h i c l e  c o n s t r a i n t s ,  and 
continuing change. 
RECOMMENDATIONS 
The designs a p p l i c a b l e  t o  t h e  twelve year  l i f e  requirement based on 
previous space 
improvement t o  
SIGNIFICANCE 
power experience r e q u i r e  s i g n i f i c a n t  s o p h i s t i c a t i o n  and 
demonstrate confidence i n  success fu l  mission completion. 
This e f f o r t  is  
equipment must 
s i g n i f i c a n t  f o r  long du ra t ion  p l ane ta ry  missions s i n c e  t h e  
be made f r e e  of f a i l u r e s ,  be capable  of continuous s a t i s f a c t o r y  
performance a f t e r  experiencing a f a i l u r e  o r  have autonomous emergency a d a p t a b i l i t y  
c h a r a c t e r i s t i c s .  This c a p a b i l i t y  i s  n o t  p r e s e n t l y  wi th in  t h e  s ta te  of t h e  a r t  
of power condi t ioning design,  bu t  must be  developed and demonstrated. 
x i  
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TECHNICAL DISCUSSION 
SECTION 1. SYSTEM SUMMARY 
The Thermoelectric Outer P lane t  Spacecraf t  (TOPS) mission i s  a m i n i m u m  
launch energy, g r a v i t y  a s s i s t e d  tou r  of t h e  o u t e r  p l ane t s ;  J u p i t e r ,  Saturn,  
Uranus, and Neptune; during t h e  unique p l ane ta ry  alignment per iod t h a t  
e x i s t s  i n  t h e  1976-1980 t i m e  per iod.  
The launch v e h i c l e  configurat ion,  o p e r a t i o n a l  modes, b a s e l i n e  grand tou r  
t r a j e c t o r y ,  and r e p r e s e n t a t i v e  encounter events  w e r e  def ined i n  t h e  F i r s t  
Quarter ly  Technical Report, 1J86-TOPS-479 dated 15 October 1969. The 





















SECTION 2. DESIGN REQUIREMENTS AND CONSTRAINTS 
The Power Conditioning Equipment (PCE) design requirements and constraints were 
defined and listed in the First Quarterly Technical Report, 1J86-TOPS-479 
dated 15 October 1969. Since that time, the study contract for the 
Radioisotope Thermoelectric Generator (RTG) was awarded, and the specific 
performance was raised from the previous 1.2 watts per pound at outer encounter 
to 1.7 watts per pound. 
The combined power capability of the generators at beginning of Mission (BOM) 
will be in excess of 575 watts, an iocrease from the previous 500 watts. Power 
output of the generators will be approximately 440 watts at the conclusion 
of twelve (12) years of operation, end of mission(FAPM), an increase from the 




SECTION 3 .  BASELINE POWER SUBSYSTEM 
Summary 
The Electrical  Power Subsystem presented i n  t h i s  s e c t i o n  and t h e  c i r c u i t  
con f igu ra t ions  presented i n  Sec t ion  4 are based on an a n a l y s i s  of t h e  
requirements, and d e t a i l e d  r e s u l t s  of s t u d i e s  t h a t  are presented i n  Sec t ion  7 .  
The r e s u l t  i s  t h e  Base l ine  Power Subsystem shown i n  Figure 3-1. The blocking 
diodes a t  t h e  RTG's have been removed, t h e  Main I n v e r t e r  has  been de le t ed  as 
discussed i n  Sect ion 7-2, and t h e  ac power requirements of t h e  A t t i t u d e  
Control System are suppl ied by a Two Phase I n v e r t e r .  
Weight Analvsis 
A d e t a i l e d  weight a n a l y s i s  w a s  performed based' on t h e  e l e c t r o n i c  p i e c e  p a r t s  
of t h e  c i r c u i t s  shown i n  Sect ion 4.  The r e s u l t s  are summarized i n  Table 3-1, 
i n d i c a t i n g  t h a t  t h e  p re sen t  equipment i s  under s i z e  but  overweight. I t  
should b e  noted t h a t  t h e  Power D i s t r i b u t i o n  Assembly weight i s  based on a 
t o t a l  of 44 switched func t ions  as shown on t h e  Power Flow Diagram, Figure 4-4, 
and t h e  c i r c u i t r y  t o  perform each switching func t ion  has  an e l e c t r o n i c  p i ece  
p a r t  weight of 0.195 pounds. 
Ground Control of Unswitched Loads 
A s  p r e s e n t l y  def ined,  t h e  power condi t ioning equipment does no t  have t h e  
command c a p a b i l i t y  t o  remove c e r t a i n  c r i t i ca l  subsystems from t h e  main power 
bus. To d a t e ,  t h e s e  subsystems are r a d i o  frequency; command; c e n t r a l  computer 
and sequencer; and a t t i t u d e  c o n t r o l  e l e c t r o n i c s  and gyro e l e c t r o n i c s .  
During ground t e s t i n g  of t h e  TOPS s p a c e c r a f t ,  a s i t u a t i o n  might arise which 
would r e q u i r e  removal of one of t h e s e  subsystems from t h e  bus while  maintaining 
ground power ( v i a  power condi t ioning equipment) on t h e  remaining subsystems. 
This cond i t ion  could be brought about e i t h e r  by t e s t  phasing ( i . e . ,  whi le  
t e s t i n g  t h e  temperature c o n t r o l  subsystem t h e r e  i s  no need f o r  t h e  a t t i t u d e  
c o n t r o l  e l e c t r o n i c s  t o  b e  on) ,  o r  by test f a i l u r e  ( i . e . ,  c e n t r a l  computer 
power s h o r t s  out  while  i n  t h e  thermal vacuum chamber bu t  thermal c o n t r o l  must 
be maintained ) .  
Since t h e s e  s i t u a t i o n s  are p o s s i b i l i t i e s ,  i t  i s  recommended t h a t  ON/OFF switching 
c a p a b i l i t y  be  added t o  t h e  power condi t ioning equipment t h a t  can only be  used 
f o r  ground t e s t  and checkout. A means f o r  implementation i s  shown on Figure 3-2 . 
Regulated power is  wired from down stream of t h e  shunt r e g u l a t o r ,  out  and back 
i n t o  t h e  PCE through a "Fl ight  Plug" (encapsulated e l e c t r i c a l  connector with 
wiring and r e s i s t o r s  i n  i t ) ,  through an ON/OFF switch (shown f o r  diagram purpose 
as a r e l a y ) ,  and out  of t h e  PCE t o  t h e  normally unswitched load.  Control/command 
3-1 
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of t h e  switch i s  wired through t h e  TOPS spacec ra f t  umbi l i ca l  connector such 
t h a t  once t h i s  connector is  demated on t h e  pad, t h e  OFF switch cannot be 
commanded. The switch could a l s o  inc lude  cu r ren t  sensing t o  automatical ly  
t r i p  open i n  case of an overload. 
To prevent t h i s  switch from causing f l i g h t  problems, t h e  "Fl ight  Plug" used 
f o r  test  i s  removed on t h e  launch pad, and replaced by one f o r  f l i g h t  use.  
This one provides  an e l e c t r i c a l  pa th  which shunts  t h e  switch.  (See do t t ed  
l i n e  on t h e  schematic.) 
When t h e  switch removes t h e  spacec ra f t  equipment from t h e  main power bus, 
an equ iva len t  dummy load ( located i n  t h e  f l i g h t  plug) must be  switched i n  t o  






































Table 3-1. Preliminary Weight Analysis 
Volume Electronic Mechanical Total Size 
Piece Part Piece Part Parts 
Weight Weight* Weight 
Shunt Regulator Assembly 
* Power Source and Logic Assembly 
Two Phase Inverter Assembly 
Power Distribution Assembly 
Chassis, Connectors, Wiring 
Total Power Conditioning 
Equipment Weight, Pounds 
Specification Weight, Pounds 







2.50 4.73 2x13~10 
1.00 3.00 2x6~6 
1.00 1.62 3x5~13 































SECTION 4. COMPONENT DESCRIPTION 
Shunt Regulator Assembly 
The shunt r e g u l a t o r  maintains  a constant  vo l t age  bus powered from a r ad io i so tope  
the rmoe lec t r i c  generator  by drawing that amount of e x t r a  c u r r e n t  from the 
source t o  cause t h e  excess  vo l t age  t o  b e  dropped ac ross  t h e  i n t e r n a l  r e s i s t a n c e  of 
t h e  //,thermocouples. 
fu rn i shes  t h e  requirements of t h e  thermoelectr ic  j u n c t i o n  t o  ope ra t e  a t  s i g n i f -  
i c a n t  c u r r e n t  levels,  even though t h e  s p a c e c r a f t  l oads  have a 242 t o  428 w a t t  
v a r i a t i o n .  
Figure 4.1.  
For a f i x e d  c h a r a c t e r i s t i c  source,  t h e  shunt r e g u l a t o r  
The RTG requirements as a func t ion  of mission mode are shown i n  
A r e l i a b i l i t y  a n a l y s i s  presented i n  Sec t ion  7-4 compared t h e  m u l t i p l e  shunt 
conf igu ra t ion  with a quad redundant conf igu ra t ion ,  and r e s u l t e d  i n  e l imina t ion  
of t h e  m u l t i p l e  shunt conf igu ra t ion  from f u r t h e r  s tudy.  The p resen t  design 
is covered i n  t h e  schematic  of Figure 4-2, where any one o r  more of t h e  fou r  
elements can c o n t r o l  the ope ra t ion  and r e g u l a t e  t h e  bus vo l t age .  
has been breadboarded, and prel iminary r e s u l t s  show t h a t  vo l t age  r e g u l a t i o n  
can be maintained a g a i n s t  a load change of 180 w a t t s  and a temperature range 
from 40°F t o  100"F, w i t h  a t a t a l  dev ia t ion  of p l u s  o r  minus 0.3 percent .  
F u l l  test  d a t a  w i l l  be  provided during t h e  next  r e p o r t i n g  per iod.  
The c i r c u i t  
Power Source and Logic Assembly 
This assembly selects t h e  power source from t h e  t h r e e  RTG's o r  ground power, 
provides s i g n a l  condi t ioning f o r  te lemetry of c u r r e n t s ,  v o l t a g e s ,  and RTG temper- 
a t u r e  and p res su re ,  and disconnects  n o n - c r i t i c a l  l oads  a t  system undervoltage. 
No e f f o r t  w a s  expended t o  f u r t h e r  d e f i n e  requirements o r  implement with 
c i r c u i t  designs during t h e  per iod covered by t h i s  r e p o r t .  
c a t i o n  i s  g iven  on Table 4-1, b u t  t h e  only design e f f o r t  completed is  a conceptual 
design of a vo l t age  p r o t e c t i v e  c i r c u i t  shown on Figure 4-3. 
teristics of t h e  multi-hundred w a t t  RTG i n d i c a t e  t h a t  p re s su re  sensing i s  
n e i t h e r  required nor d e s i r e d ,  and i t  is  recommended t h a t  power condi t ioning f o r  
t h e  p re s su re  t ransducer  b e  removed from t h e  design requirements. 
Prel iminary s p e c i f i -  
The i n i t i a l  charac- 
Power D i s t r i b u t i o n  Assembly 
The func t ion  of t h e  power d i s t r i b u t i o n  assembly i s  t o  receive spacec ra f t  
commands and t o  c o n t r o l  t h e  flow of e lec t r ica l  power t o  loads by l o g i c a l l y  
i n t e r p r e t i n g  t h e s e  commands and ope ra t ing  power switches.  
A v a r i e t y  of p o s s i b l e  command s i g n a l  sources  were considered during t h e  period 
covered by t h i s  r e p o r t ,  and a number of d i f f e r e n t  c i r c u i t  implementations of 
power switching were considered. The power flow diagram of Figure 4-4 shows 
schematical ly  t h e  number and l o c a t i o n  of t h e s e  switches as p r e s e n t l y  def ined.  
4-1 
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PRELIMINARY SPECIFICATION, POWER SOURCE AND LOGIC ASSEMBLY 
FUNCTIONS 
o Provides control for external power sources 
o Provides current and voltage signal conditioning for telemetry 
o Provides OSE Interface for the Power Subsystem 
o Disconnects non-critical loads at under voltage 
PERFORMANCE CHARACTERISTICS 





























There are two b a s i c  cons ide ra t ions  which have t h e  g r e a t e s t  i n f luence  on 
t h e  switching design: Both requirements 
lead t o  a design inco rpora t ing  p a r a l l e l  paths .  On a spacec ra f t  which has  an 
e l e c t r i c a l  power l i m i t ,  i t  i s  a l s o  necessary t o  be  a b l e  t o  disconnect  loads 
which are no t  needed t o  prevent l o s s  of u s e  of loads wi th  a h ighe r  p r i o r i t y .  
Therefore,  a "quad" con tac t  arrangement i s  proposed, shown i n  Figure 4-5 
which provides  redundant break c a p a b i l i t y .  
long l i f e  and "no s i n g l e  f a i l u r e " .  
This proposed c i r c u i t  provides redundancy i n  t h e  con tac t ,  t h e  pEedominant 
f a i l u r e  area. Since t h e  proposed switching c i r c u i t  provides operat ion even 
when one r e l a y  and/or i t s  d r i v e r  f a i l s ,  t h e r e  i s  no requirement f o r  redundancy 
i n  t h e  d r i v e r s .  
and low power consumption. The commands are assumed t o  be  pu l ses  with a 
durat ion of t h i r t y  t o  one hundred mi l l i s econds  a t  about 24 v o l t s  t o  command, 
one t o  two v o l t s  no command. 
A primary design o b j e c t i v e  f o r  t h e  d r i v e r s  i s  s i m p l i c i t y  
The primary switching r e l a y ,  K 1  i n  Figure 4-5, w i l l  be switched by a togg le  
command. 
primary r e l a y ,  as shown. The FET sensing c i r c u i t  f o r  t h i s  func t ion  uses  very 
l i t t l e  power and has  a t i m e  cons t an t  much longer than t h e  command d u r a t i o n  t o  
prevent any p o s s i b i l i t y  of t h e  p o s i t i o n  sense changing s t a t e  wh i l e  t h e  command 
i s  s t i l l  app l i ed .  Since t h e  switch w i l l  o s c i l l a t e  i f  t h e  command remains on, 
t h e  command i s  AC coupled by c a p a c i t o r s  C 1  and C2 i n  Figure 4-5 I f  t h e  command 
source is f a i l s a f e  ( t h e  command would never remain on f o r  longer than t h e  
s p e c i f i e d  p u l s e  t i m e )  and could provide g r e a t e r  than 1 milliamp a t  20-30 v o l t s  
DC f o r  t h e  command, t h e  c a p a c i t i v e  coupling and one s t a g e  of ampl i f i ca t ion  
could be el iminated t o  considerably s impl i fy  t h e  r e l a y  d r i v e r .  A high vo l t age  
s i g n a l  w a s  assumed s o  t h a t  t h e  c i r c u i t s  can be designed with a high threshold 
f o r  n o i s e  immunity. 
The toggle  p o s i t i o n  sense w i l l  be o f f  t h e  "back" con tac t  of t h e  
I n  a quad arrangement, i f  t h e  primary r e l a y  is assigned t h e  "sense" on/off , 
t h e  second r e l a y  can only b e  designated as on o r  o f f  given t h e  p o s i t i o n  of t h e  
f i r s t  r e l a y .  It i s  t h e r e f o r e  impossible t o  sense t h e  output  f o r  d i r e c t i n g  a 
toggle.  Accordingly, a d i f f e r e n t  command scheme i s  proposed f o r  t h e  second 
r e l a y ,  shown f u n c t i o n a l l y  i n  Figure 4-5 Each second r e l a y  would be i n d i v i d u a l l y  
commanded t o  achieve s ta te  "2" (opposi te  p o s i t i o n  shown i n  Figure 4 5 )  and a 
group of second r e l a y s  would s h a r e  a s i n g l e  command t o  put  them i n  s t a t e  "1". 
I f  t h e  primary r e l a y  i n  t h e  quad set f a i l e d  "open", t h e  load would be  turned 
on by using t h e  command t o  pu t  t h e  second r e l a y  f o r  t h a t  load t o  t h e  "2" state. 
The load would be turned o f f  by giving t h e  "1" state  command t o  t h e  group which 
contains  t h e  second r e l a y  f o r  t h i s  p a r t i c u l a r  load.  Since t h e  o t h e r  second 
r e l a y s  of t h e  group are i n  s ta te  "1" ( t h e  normal s t a t e ) ,  t h e  only change w i l l  
be i n  t h e  second r e l a y  which had been set t o  s ta te  "2" t o  overcome t h e  f a i l e d  
primary r e l a y .  
by t h e  "2" s t a t e  of t h e  second r e l a y  and on by t h e  "1" s t a t e  command t o  t h e  group. 
I f  t h e  primary r e l a y  f a i l e d  "on" , t h e  load would b e  turned of f  
I t  w a s  assumed t h e  second r e l a y s  would be commanded from t h e  redundant command 
source and complete i n d i v i d u a l  load c o n t r o l  w a s  r equ i r ed ,  bu t  an a l t e r n a t i v e  t o  a 
toggle  command scheme would a f f o r d  a d e s i r a b l e  f u n c t i o n a l  redundancy r a t h e r  








































Two Phase I n v e r t e r  Assembly 
AC power can be  provided from a dc t o  dc converter  by a transformer winding 
d i r e c t l y ,  without  t h e  r e c t i f i e r  and f i l t e r  s t age .  However, t h e  dc t o  dc 
converter  u ses  a n  ac l i n k  whose frequency i s  no t  s i g n i f i c a n t .  When ac power 
i s  r equ i r ed ,  i t  is  u s u a l l y  necessary t o  maintain constant  frequency, and 
more e l a b o r a t e  c i r c u i t r y  i s  required.  
The schematic of Figure 4-6 shows an i n t e r n a l  semiconductor c locking arrangement 
t h a t  can be  overridden by t h e  c e n t r a l  c lock of t h e  v e h i c l e  t o  maintain 
synchronization with o t h e r  a t t i t u d e  c o n t r o l  subsystem funct ions.  The i n t e r n a l  
o s c i l l a t o r  can be ad jus t ed  t o  ope ra t e  a t  e i t h e r  400 Hertz o r  1600 H e r t z  without 
s i g n i f i c a n t  changes. The prominent drawback i s  t h a t  t h e  output  v o l t a g e  
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SECTION 5. RADIOISOTOPE THERMOELECTRIC GENERATOR 
During t h e  pe r iod  covered by t h i s  r e p o r t ,  t h e  Atomic Energy Commission l e t  a 
c o n t r a c t  t o  perform prel iminary design s t u d i e s  on a Multi-Hundred Watt Radio- 
i so tope  Thermoelectric Generator which would have as one of i t s  a p p l i c a t i o n s  
t h e  TOPS mission. The f i r s t  review of t h e  b a s e l i n e  conf igu ra t ion  is  t en ta -  
tively scheduled for mid-November 1969, and r e s u l t s  of t h i s  c o n t r a c t  as i t  
proceeds and needs of TOPS as they become i d e n t i f i e d  w i l l  be  i n t e g r a t e d  i n t o  
both c o n t r a c t s .  
5-1 
1J86-TOPS-480 
SECTION 6. BREADBOARD ACTIVITY 
During t h e  per iod covered by t h i s  r e p o r t ,  breadboards were f a b r i c a t e d  f o r  
Shunt Regulator Assembly 
Two Phase I n v e r t e r  Assembly 
TWT Converter Assembly 
I n  add i t ion ,  e l e c t r o n i c  breadboards were completed f o r  t h e  following func- 
t i o n a l  c i r c u i t s :  
DC t o  DC Converter 
Power I n t e r f a c e  Con t ro l l e r  
S t a t i c  Breaker (Semiconductor) 
DC S t a t i c  Switch (Electromagnetic) 
Quad Relay Switch 
For t h e  f i n a l  breakboard set ,  t h e  following c i r c u i t s  w i l l  be  mounted as 
shown on Figure 6-1, and shipped t o  t h e  Jet  Propuls ion Laboratory: 
A Shunt Regulator 
Two 2-Phase I n v e r t e r s  
A Power Source and Logic Assembly 
A Power D i s t r i b u t i o n  Assembly 
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Figure 6-1. Breadboard Packaging Configuration 
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TECHNICAL DISCUSSION 
SECTION 7. ANALYSIS 
7.1 Operating Frequency Analysis -
In t roduc t ion  
E f f i c i e n t  power processing from a s i n g l e  DC source vo l t age  t o  mul t ip l e  user  DC 
vo l t ages  i s  accomplished by DC t o  DC converters .  These gene ra l ly  use t r a n s i s t o r  
switches t o  produce a square wave t h a t  i s  transformed, r e c t i f i e d ,  and f i l t e r e d  t o  
ob ta in  the des i r ed  output vol tages .  The p e c u l i a r  e f f e c t s  of the  inve r s ion  frequency 
on each func t ion  of t he  conversion process suggests the  frequency of operat ion.  
Weight of power condi t ioning equipment i s  gene ra l ly  reduced as frequency increases ,  
b u t  the  r e s u l t i n g  i n e f f i c i e n c i e s  i n  magnetics and semiconductors increase  h e a t  
s i n k  requirements and primary power source weight. Therefore,  t o t a l  system weight 
can be minimized by varying t h e  inve r s ion  frequency, and there  i s  a range of 
frequencies where minimumweight prevails. The o b j e c t i v e  of t h i s  s tudy i s  t o  
i d e n t i f y  t h i s  frequency range. S e l e c t i o n  of a d i s c r e t e  frequency w i t h i n  t h i s  range 
may then be based on o t h e r  system c r i t e r i a .  
Approach 
Figure 7-1 i s  a func t iona l  block diagram of a DC t o  DC converter .  The p r i n c i p a l  
funct ions t h a t  are a f f e c t e d  by frequency are the  transformer and the t r a n s i s t o r  
switches.  -- Power System Development", JPL Contract 952150, performed by the  General E l e c t r i c  
Company, and reproduced he re  i n  p a r t  f o r  cont inui ty .  A s i m i l a r  approach was used 
i n  t h i s  s tudy,  and secondary e f f e c t s  of f i l t e r  weight,  r e c t i f i e r  e f f i c i e n c y ,  and 
source and h e a t  s i n k  penal ty  f o r  lower e f f i c i e n c y  were a l s o  considered. The 
primary approach was t o  review an AC d i s t r i b u t i o n  system, t o  vary the  number of 
loads ,  and then t o  apply the  r e s u l t s  t o  a decen t r a l i zed  DC system. 
These were analyzed and reported i n  the  "Final Report - Mars Spacecraf t  
Technical Discussion 
Table 7-1 i s  a summary of assumptions and input  v a r i a b l e s  considered f o r  t h i s  study. 
The source and h e a t  s i n k  weight penal ty  f o r  i n e f f i c i e n c i e s  i s  considered along wi th  
the  transformer and f i l t e r  weight. The power l e v e l  of 200 watts was assumed s ince  
t h i s  l e v e l  changes only the r e l a t i v e  magnitude of the  weight and does n o t  a f f e c t  
frequency. Power condi t ioning weight i s  p r imar i ly  determined by the magnetic 
components -- t he  inductor  and transformer.  These may be designed f o r  a constant  
e f f i c i e n c y  regard less  of frequency. Power condi t ioning e f f i c i e n c y  i s  determined 
by ind iv idua l  e f f i c i e n c i e s  of each func t ion  shown i n  the  block diagram of Figure 7-1. 
Only the t r a n s i s t o r  switch and the r e c t i f i e r  e f f i c i e n c y  a r e  frequency dependent, 












































































































































































































































































































































































Trans former We igh t 
Transformer s i z e  depends on power output ,  e f f i c i e n c y ,  temperature r i s e ,  vo l tage  
l e v e l ,  and frequency. A l l  but  frequency a r e  assumed cons tan t .  S p e c i f i c  designs 
were analyzed and the  resul ts  a r e  p l o t t e d  i n  Figure 7-2. Curve 1 i s  the  t r ans -  
former weight c h a r a c t e r i s t i c  from the  Mars Spacecraf t  Power System Development 
F ina l  Report. These designs a r e  based on square wave input  vo l tage .  P r a c t i c a l l y ,  
a f i n i t e  per iod occurs during t h e  switching i n t e r n a l  during which no power i s  
t r a n s f e r r e d  t o  the  secondary load.  I n  order  t o  maintain the  same average 
c u r r e n t ,  t he  peak cu r ren t  mus t  accordingly inc rease ;  r e s u l t i n g  i n  add i t iona l  
copper lo s ses  a s  t h e  switching r i s e  and f a l l  times increase .  To maintain a 
cons tan t  e f f i c i e n c y ,  a switch time co r rec t ion  requi res  a d d i t i o n a l  weight t o  
decrease copper lo s ses .  Curve 2 of Figure 7-2 app l i e s  a s l i g h t  switch time cor rec-  
t i o n  (k) f o r  s to rage  time (t ,)  and f a l l  time ( t f )  equal t o  one microsecond. The 
dependence on frequency (0) of t h i s  f a c t o r  i s  
8 ~ ( t s  + t f )  - 1 6 J ( t s  + t f ) 2  (7-1) k = -- ~ 
1 - 8w(ts + t f )  + 16w2 ( t s  + t f ) 2  
and was considered f o r  each weight summary. 
Transformer weights f o r  mul t ip le  loads f o r  e i t h e r  an AC system having transformer 
r e c t i f i e r s  o r  a DC system having DC t o  DC conver te rs  were a r r ived  a t  by usihg 
the  r e l a t i o n  
(7-2) * = WOLD 
The t o t a l  two ,.undred wa t t s  of power was su-divided equal ly  among the  t e n  or  twenty 
loads of t he  cases  considered. 
F i l t e r  Weight 
F i l t e r s  minimize no i se  r e f l e c t e d  t o  the  power source and t o  the  load. S ingle  
inductor  and capac i to r  f i l t e r s  a r e  considered. The design c r i t e r i a  f o r  the  inductor  
i s  t o  support  t he  source vol tage  f o r  one h a l f  cycle  of t he  invers ion  frequency. 
The cu r ren t  during t h a t  per iod may r i s e  from zero t o  f u l l  load cu r ren t .  The capac i to r  
weight i s  assumed cons tan t ,  s i n c e  i t  provides energy only during the  switching i n t e r v a l ;  
and t h i s  i s  r e l a t i v e l y  cons tan t  regard less  of frequency. 
Figure 7-3 i s  a f i l t e r  weight summary as a func t ion  of frequency. This curve rep- 
r e sen t s  the  t o t a l  input  and output  f i l t e r  weights f o r  e i t h e r  an AC system o r  a DC 
system. This i s  based on equiva len t  load and source requirements and the  assumption 
t h a t  the  a t t enua t ion  of generated no i se  i s  comparable f o r  e i t h e r  system. Therefor9 
t h i s  curve was appl ied t o  the  weight ana lys i s  along with the  switch time co r rec t ion  









































































































A second approach could be considered f o r  weight ana lys i s .  
ments a r e  t o  supply energy only during t h e  switch period. The f i l t e r  design would 
be constant  and by applying the  switch time period c o r r e c t i o n  (k), the  f i l t e r  
weight would increase  as a func t ion  of frequency. 
The f i l t e r  requi re -  
The f i r s t  approach r e s u l t s  i n  g r e a t e r  weight f o r  t he  lower frequencies .  The 
second approach presents  e i t h e r  constant  weight o r  a g r e a t e r  weight a t  higher  
frequencies only i f  the  switch period becomes s i g n i f i c a n t .  Curve 3 of Figure 7-3 
shows the  f i l t e r  weight f o r  ts and t 
i s  not  considered s i g n i f i c a n t )  
equal t o  one microsecond. (One microsecond f A review of both approaches was performed. 
I n v e r t e r  E f f i c i ency  
I n v e r t e r  e f f i c i e n c y  is  a f f e c t e d  by t r a n s i s t o r  and transformer lo s ses .  The t r a n s -  
former losses  a r e  r e l a t i v e l y  constant  over a wide range of frequency. The t r a n s i s t o r  
and diode l o s s e s ,  on the o ther  hand, a r e  s e n s i t i v e  t o  frequency and a r e  accordingly 
t r e a t e d  below. 
The i n v e r t e r  e f f i c i e n c y  (Q) as a funct ion of output power (Po) i s  
PO 
r l =  (7-3) P, + Transformer l o s s  + T r a n s i s t o r  loss 
with a 95 percent  e f f i c i e n t  t ransformer,  and t o  a f i r s t - o r d e r  e f f e c t ,  
PO 
Po + (0.05) Po + T r a n s i s t o r  loss  n =  (7-4) 
o r ,  s implifying,  
1 - 
t r a n s i s t o r  l o s s  (7-5) n -  1.05 + 
T r a n s i s t o r  Xoss 
The power switch operates  e i t h e r  f u l l  on o r  f u l l  off  w i th  a f i n i t e  time required 
f o r  t r a n s f e r .  This t r a n s f e r  time i s  determined by i n t r i n s i c  t r a n s i s t o r  charac te r -  
i s t ies  and r e s u l t s  i n  switching power lo s ses .  The more frequent the switch t r a n s f e r s  
t he  g r e a t e r  a r e  the  switching losses .  These c h a r a c t e r i s t i c s  a re  a l t e r e d  by d r i v e  
c o n t r o l  and load. Drive cont ro l  i s  p r imar i ly  determined by load c u r r e n t  magnitude, 
and i t  a f f e c t s  switching lo s ses  only i f  i n s u f f i c i e n t  reverse  b i a s  i s  provided during 
the  switch OFF time. Assuming t h a t  d r i v e  c o n t r o l  condi t ions a r e  adequate,  load i s  
the  only remaining parameter t o  a f f e c t  the  i n t r i n s i c  c h a r a c t e r i s t i c s  of the  t r an -  
s i s t o r  switch.  Pa r t  of the  r e a l  load i s  the  power t ransformer,  and i t  i s  examined 
along with load t o  e s t a b l i s h  the  condi t ions during switch t r a n s f e r  from ON t o  OFF. 
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The equivalent  c i r c u i t  seen by the  t r a n s i s t o r  switch i s  shown i n  Figure 7-4. 
Switches Q1 and Q2 a r e  the  power t r a n s i s t o r s ,  T X i s  t he  i d e a l  t ransformer,  R 
L 
by t h e  power switch.  
square wave. 
u n t i l  the  transformer i s  i n  a s t a b l e  s t a t e .  Thus, the  t r a n s i s t o r  switching time 
i s  a f f e c t e d  by the  transformer frequency response. 
i s  the  nominal load ,  and the  balance i s  the  transformer impedances seen 
The transformer impedances somewhat d i s t o r t  the  des i r ed  
Fur ther ,  the switches a r e  not  considered f u l l y  open o r  closed 
SQUARE WAVE 
I OPERATION 









T X  I 
I 
Figure 7-4. C i r c u i t  Diagram, Push-Pull I n v e r t e r  
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Since power transformer e f f i c i e n c y  i s  constant  by design,  t h e  inverter e f f i c -  
iency can be analyzed by consider ing only power switching lo s ses  a s  a func t ion  
of frequency. These l o s s e s  a r e  expressed by the  following equation which i s  
der ived i n  the  following s e c t i o n s :  
VinIc 





1 - -(ts + t f )  
where : 
psw i s  t h e  power switch lo s s  i n  w a t t s  (Psw occurs twice per  cyc le )  
Vin i s  t h e  supply vo l t age  less V and 
ce SAT 
i s  t h e  peak c o l l e c t o r  c u r r e n t .  I C  
This expression w a s  used i n  t h e  e f f i c i e n c y  c a l c u l a t i o n s .  
T r a n s i s t o r  Switching Diagrams 
The t r a n s i s t o r  switching diagram f o r  a push-pull con f igu ra t ion  i s  shown i n  
Figure 7-5. The switch fo rc ing  funct ion i s  the  d r i v e  power shown i n  t i m e  only 
f o r  Q1 and 42. 
i s  determined by RL. A t  t i m e  tl the  d r i v e  t o  Q1 i s  removed and d r i v e  
t o  42 i s  appl ied.  Co l l ec to r  c u r r e n t  of Q 1  continues t o  flow due t o  load e f f e c t s  
and t r a n s i s t o r  s t o r a g e  t i m e ,  ts . T r a n s i s t o r  42 s t a r t s  t o  t u r n  on denoted by 
t h e  f a l l  of Vce2 and r i s e  of IC* . Since Q 1  i s  s t i l l  on and 42 is  tu rn ing  on, 
t h e  high impedance normally presented by t h e  transformer i s  reduced such t h a t  IC 
of 42 r i s e s  t o  a l e v e l  determined by t r a n s i s t o r  d r i v e  c u r r e n t  and gain.  For 
t h i s  a n a l y s i s  a gain l i m i t  of two times t h a t  required i s  assumed. 
r i s e s  t o  
transformer i n c r e a s e s ,  reducing Ic2 t o  a l e v e l  determined by RL . Thus, t he  
diagram shows t h e  r e l a t i o n  between r i se ,  f a l l  and s t o r a g e  time of a t r a n s i s t o r .  
Note t h a t  t he  r ise  time, tr , i s  a func t ion  of ts and tf . The switching 
diagram assoc ia t ed  with the time diagram i s  Figure 7-6. The power d i s s i p a t e d  
during t h e  switching period i s  then t h e  summation of each period of 
where tr i s  determined by ts and tf . 
Consider t h a t  Q1 i s  ON and t h e  l e v e l  of c o l l e c t o r  c u r r e n t  IC 
Therefore ,  Ic2 
21c2 u n t i l  Q1 begins t o  open such t h a t  t he  impedance presented by the  
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Figure  7-5. Switch Voltage-Current-Time Diagram of Push-pull  I n v e r t e r  
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Figure 75-6. Switching Diagram 
t 
+ Iy - 1, i = I, 
t 1 
H 
v - v, t 
v = v, + 1- tl 
to = 0 
Figure  7-7. Linear  Switching 
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Power Dissipation General Case 
Since the voltage-current for each time period of the diagram can be considered 
linear, a general case power dissipation for each time period may be derived. 
Consider the general case for linear switching shown in Figure 7-7. The 
instantaneous current is 
)t, 
I - I  
Y 
1, + (7-7) i = 
and the instantaneous voltage is 
(7-8) v = Vx + t. 
The power for this interval is 
0 
where T is the period of inversion. 
This equation reduces to 
(7-10) P + 
+ 
Thus each interval is examined using this equation, and the total switching 




Der iva t ion  of T r a n s i s t o r  Switch Loss 
The general  equat ion f o r  l i n e a r  switching i s  
Referr ing t o  Figure 7-5, a t  42 t u r n  on the  r i s e  t ime, tr , i s  shown i n  two p a r t s .  
The f i r s t  i s  shown r e l a t e d  t o  s torage  t ime, ts, and the  second i s  shown r e l a t e d  
t o  f a l l  t ime, tf.  
los ses  during the  two i n t e r v a l s .  
Power lo s s  (P,) during t h i s  time period i s  the sum of the  
Since Vce near%y,equals 2Vin when the  t r a n s i s t o r  i s  o f f ,  Vin i s  used f o r  
c l a r i t y  because Vce appears l a t e r  when t h e  t r a n s i s t o r  i s  on. For the  switching 
period c a l c u l a t i o n s ,  t he  t r a n s i s t o r  V 
e r r o r  i s  much l e s s  than one percent .  
i s  considered n e g l i g i b l e  s ince  the  
ceSAT 
The power lo s s  during the  r i s e  time i s  as  follows: 
During ts 




and during ts + tf , 
2 2 t s 2  + 6t , t f  + 5tf - VinIc (7-16) Pr - 
3T(t, + t f> 
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The power loss during the  s torage  time i s  
(7-17) - t S o + 0.1 vin IC) + 2(0.1 vin I, + 0) - 
6T 
pS 
- 0.1 V i n  IC, t, 
2T ps - 
(7-18) 
The power lo s s  during the  f a l l  time i s  
(7-19) (0 + 2 vin IC ) + 2(0 + 0.1 V i n  IC I] 
2.2 V i n  IC tf (7-20) Pf = 
6T 
The t o t a l  switch losses  (Psw) a r e  
(7-21) 
This power l o s s  due t o  switching i s  described by T ,  Vin, IC, ts, and t f ;  and 
occurs twice per period. 
Note t h a t  i f  frequency i n c r e a s e s ,  the  percent time t h a t  the  t r a n s i s t o r  i s  
becomes l e s s .  Therefore ,  i n  order  t o  supply the same average load c u r r e n t  t he  
peak c o l l e c t o r  c u r r e n t  IC must  increase  as frequency increases .  




1 - 4 ( t  + tf ) 
S T 
To ta l  T r a n s i s t o r  Losses 





psw = Equation 7-21 
= 0.025 Po , and 'dr. 
= v  IC where 'sw 'drive' 'SAT a r e  corrected by mul t ip ly ing  
'sat SAT 
by the c o l l e c t o r  cur ren t  c o r r e c t i o n  f a c t o r  s ince  a l l  a r e  r e l a t e d  t o  IC 
Col l ec to r  Current Frequency Correct ion 
I n  terms of t r a n s i s t o r  e f f i c i e n c y  as a funct ion of frequency where the  average 
c u r r e n t  i s  a constant  and the  percent of ON time decreases due t o  f ixed  switch 
time and s h o r t e r  ON t ime, IC increases  as  a funct ion of frequency t o  maintain 
the  average cu r ren t .  
( 7 - 2 3 )  IAm = KA = Constant pe r  load requirements 
- IC a t  frequency equal t o  zero (7 -24 )  'Am 
then I A ~  = Kf IC a t  frequency g r e a t e r  than zero,  where Kf i s  a f a c t o r  which 
changes 
a constant  IAm . 
t he  following t e x t .  
as a func t ion  of frequency causing IC a l s o  t o  change i n  order  t o  maintain 
The f a c t o r  Kf i s  determined by reference t o  Figure 7-8 and 
For s i m p l i c i t y  it i s  assumed t h a t  no power i s  de l ive red  t o  the load during the 
per iods ( t s  + tf ). 
Then 
where: 
-(t 4 + t ) 







' + t  t + t f  's f '. s 
Figure  7-8. I n v e r t e r  C o l l e c t o r  Current-Time Diagram 
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I f  Kf decreases as  a func t ion  of frequency, IC must increase  by the  inverse  of 
Kf i n  order t o  maintain a constant  I . Thus, IC i s  co r rec t ed  f o r  frequency 
by the  term AVE 
T 
Note t h a t  i f  t he  peak IC increases  L e n  the  base Lzive must corespondingly increase ,  
and the base d r i v e  mus t  a l s o  be adjusted by the  same fac to r .  Note a l s o  t h a t  
s a t u r a t i o n  lo s ses  increase  a l s o  and a r e  adjusted accordingly.  
R e c t i f i e r  Losses 
R e c t i f i e r  l o s s  i s  t r e a t e d  s i m i l a r l y  t o  the  t r a n s i s t o r  switch lo s s  as  a funct ion of 
frequency. The lo s ses  a r e  expressed by t h e  following equation, which i s  derived 
i n  the  following sec t ions .  
3 "R (7-27) Prsw = T [ 1/6 trec
where 
Prsw i s  power r e c t i f i e r  switching lo s s  i n  wa t t s  
VR i s  peak reverse  vo l t age  seen by r e c t i f i e r  
I,, i s  r e c t i f i e r  peak c u r r e n t  
i s  recovery time of diode 
occurs twice per cycle .  
tree 
Prsw 
Using the  general  equation f o r  l i n e a r  switching der ived previously,  t he  diode 
r i s e  and f a l l  time losses  a r e  derived wi th  reference t o  Figures 7-9 and 7-10 








2 I C  
DIODE 
RECOVERY 
VOLTAGE - CURRENT-TIME DIAGRAM 
Figure 7-9. F u l l  Wave Rectifier/ ,Choke Input  F i l t e r  
/ 
F A L L  
c-- 
c 
VOLTAGE - REVERSE FORWARD 
.. 
Figure 7-10. R e c t i f i e r  Switching C h a r a c t e r i s t i c s  
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The r e c t i f i e r  vo l tage-cur ren t  curve shows t h a t  very l i t t l e  power i s  l o s t  i n  
t he  diode during the  r i s e  time. The primary power l o s s  i s  during the  f a l l  time, 




P = (t/6T)[(VxIy + V Ix)  + 2(V I + VxIx)] 
.Y Y Y  
Pf = (t/6T)[(O + VBID> + 2(0 + 013 







i s  power r e c t i f i e r  f a l l  time switching l o s s  i n  wat ts .  
i s  reverse  vo l t age  seen by r e c t i f i e r  
i s  forward c u r r e n t  a t  time of switching o f f  
i s  recovery time of r e c t i f i e r .  
To ta l  r e c t i f i e r  losses  a r e  
where Vf i s  the  diode forward vol tage drop. 
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Transformer S i z e  Correct ion 
The e f f i c i e n c y  of the  transformer i s  determined by core and copper losses .  As 
t he  switching time i n c r e a s e s ,  the  transformer peak c u r r e n t s  increase  i n  order  
t o  maintain the  same average cu r ren t .  For cons t an t  e f f i c i e n c y ,  copper lo s ses  
a r e  t o  remain cons tan t ,  and winding r e s i s t a n c e s  mus t  be reduced t o  compensate 
f o r  t he  increase  i n  peak cu r ren t s .  The required copper increase  r e s u l t s  i n  an 
increase  i n  transformer s i z e .  
Figure 7-8 shows the  t r a n s i s t o r  c o l l e c t o r  c u r r e n t  and may a l s o  represent  t r a n s -  
former cur ren t .  The c o l l e c t o r  c u r r e n t  c o r r e c t i o n  f a c t o r ,  t h e r e f o r e ,  may be used 
f o r  determining the  change i n  transformer s i z e .  This i s  shown below: 
(7-33) 2 Pavg = IC R,  
where R i s  the  t o t a l  equivalent  r e s i s t a n c e ,  and 
(7-34) 
If pavg i s  t o  remain cons tan t ,  then R must  decrease by the f a c t o r  t h a t  increases .  
I f  Rwere  known, a new r e s i s t a n c e  (Rnew ) could be ca lcu la ted .  For a general  case 
t h i s  approach does n o t  apply,  s i n c e  R i s  not  a v a i l a b l e .  However, i f  R were 
assumed cons tan t ,  t he  e f f i c i e n c y  change could be determined and a s i z e  c o r r e c t i o n  
could be made based on the  necessary  e f f i c i e n c y  increase  and the  r e l a t i o n  of e f f i c -  
iency t o  weight. I n  the  region of transformer e f f i c i e n c i e s  of 97 t o  98 percent ,  an 
inc rease  of one percent  r e s u l t s  i n  a f i f t y  percent  transformer weight increase .  
I n  the region of 98 t o  99 percent ,  a one percent  increase  i n  e f f i c i e n c y  doubles the 
transformer weight. Figure 7-11 i s  a p l o t  of these  c h a r a c t e r i s t i c s .  The change i n  




















































2 (7-38) PI = IC R at o = 0 
(7-39) ~2 = I,* R at o 0, 
2 2  
(7-40) P2 = IC Kf R, and 
Kt = 1.0 represents a transformer efficiency change of 1.5 percent. 
The term IC2 R is cancelled from each term. 
- 1  2 (7-41) Kt = (Kf )2 - 1 T 
1 
2 1 - 8T (ts + tf) + 16 (ts + tf) 
The factor Kt may be used to determine the increase in transformer weight where 
Kt = 1.0 represents a required weight increase of approximately 100 percent. A 
straight line assumption for Kt 
This factor may also be applied to inductors that are required to conduct pulses 
of current. 
was used between 97 and 98.5 percent. 
Efficiency Calculations 
The loss  expressions derived for transistors and rectifiers were used in a computer 
program to determine power conditioning efficiencies as a function of frequency. 
The expression for Kt was also programmed for application to transformer weight 
data. The program inputs are: 
ts - transistor storage time, 
tf - transistor fall time, 
trec . rectifier recovery time, 
Vin - Power conditioner input voltage, 
Vf - rectifier forward voltage drop, 
EFO - initial power conditioning unit efficiency, 
PL - output power requirement 
F - frequency, 400 to 15000 Hertz. 
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The program outputs  a re :  
Pdr - t r a n s i s t o r  d r i v e  power 
Pdo - r e c t i f i e r  l o s s ,  
- t r a n s i s t o r  switch loss  , 
P s a t  - t r a n s i s t o r  s a t u r a t i o n  l o s s ,  
psw 
Ptr - t o t a l  t r a n s i s t o r  loss ,  
Ptot - t o t a l  l o s s ,  
EFF - power processing e f f i c i e n c y ,  
WT - source weight penal ty  f o r  i n e f f i c i e n c y ,  
Kf - c o l l e c t o r  c u r r e n t  c o r r e c t i o n ,  
Kt - transformer weight cor rec t ion .  
Typical p r i n t  outs  a r e  shown i n  Table 7-2 and 7-3; and a copy of the program i s  
shown i n  Table 7-4. 
Power Processing Ef f i c i ency  
The e f f e c t s  of frequency on power condi t ioning e f f i c i e n c y  a r e  shown i n  Figures 7-12 
and 7-13. Figure 7-12 shows curves f o r  i n v e r t e r s  operat ing a t  d i f f e r e n t  input  
vo l t ages  with very f a s t  switch c h a r a c t e r i s t i c s .  
condi t ioning equipment operat ing w i t h i n  an input  vo l t age  range of twenty t o  t h i r t y  
v o l t s  r e s u l t s  i n  approximately 1.5 percent e f f i c i e n c y  d i f fe rence .  This i n d i c a t e s  
t h a t  a source vo l t age  around t h i r t y  v o l t s  would provide highly e f f i c i e n t  power 
processing equipment without g r e a t l y  s a c r i f i c i n g  power margin. 
The e f f i c i e n c y  f o r  power 
Figure 7-13 shows curves f o r  d i f f e r e n t  t r a n s i s t o r  switch c h a r a c t e r i s t i c s  operat ing 
from the  same input  vol tage.  Due t o  the  s e n s i t i v i t y  of e f f i c i e n c y  t o  t r a n s i s t o r  
switch c h a r a c t e r i s t i c s  switch requirements should be spec i f i ed .  Switch response 
i s  a l s o  c o n t r o l l e d  by e x t e r n a l  c i r c u i t s ;  t h e r e f o r e ,  a c t u a l  c i r c u i t s  should be used 
t o  v e r i f y  t r a n s i s t o r  responses.  Curve (3 ,  1, .2) i s  a probable e f f i c i e n c y  
c h a r a c t e r i s t i c .  This curve follows the (3,  3,  .2) curve more c l o s e l y  than the  
(1,  1, .2)  curves ,  i n d i c a t i n g  t h a t  improvements on s torage  time ( t s  ) i s  the  more 
s i g n i f i c a n t  parameter f o r  improving e f f i c i e n c y .  
System Weight 
The e f f e c t s  of frequency on system weight i s  summarized by the  curves of Figure 7-14. 
The weight shown i s  the weight of t ransformers ,  f i l t e r s ,  and the  source and hea t  
sink weight f o r  i n e f f i c i e n c i e s  only. A power i n v e r t e r  i s  considered. This component 
i s  described by a s i n g l e  load curve. Since mul t ip l e  loads a re  necessary,  curves 
a r e  shown f o r  t e n  loads and twenty loads.  Also shown with these  curves i s  the 
a s soc ia t ed  t r a n s i s t o r  switch responses. 
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Table 7-2. Switch Losses and I n v e r t e r - E f f i c i e n c y  
Frequency Response P r i n t o u t  
TS TF T R  V I i d  UCE VF EFO PL = 3  1 e 2  3 B  e 5  98 e 9  2108 
F Port PD3 PSW ’ PSAT PTt? P ra r EFF WT 
Cw= d.9d356307E-81 YT 1 8 2 9 2 3 3 3 7 s - 0 2  = c”” lm8864412E*0kJ = 
4688 Sew32 5 0 3 7 8  B o 2 2 6  3 .763  38252 14.631 (Z1ed90 13 .74  
1 
d * d  63 4 3  16E-fill 3 .273 4 7  15 E-02 1. a1 62682E+ BO I 
’ l ( i l 8 0 e  5. B5 1 5. 447  . 8. 5 7 3  3.6 19 18e1646 150 494 B*Sd 7 2fds 35 
\ 
dei31,l2324E-81 6 .  7283 523E-02 l e  833klS79E+#k?J 
28U8e b e f 6 S  5.565 1 .172  3*9L)i3 1 1 e 4 l d  16.333 @ . d d l  2104U 
d *  7d1446SE3-Bl 3 0 5 0 6 9 4 4 3 E - 8 2  l eB416667E+86  
2 S U 8 a  5 ~ 2 8 8  So625 1 . 4 3 3  . 3 . 9 5 4  12 .123  1 7 . 7 5 3  Oed7d 2 1 . 3 3  * 
.I 
d e  751 ldd7E-311 1.69335253E-81 1 .  MSU4202E+fo@ 
3#(c38. 5.252 S a 6 8 6  l o E 3 i d r D  4 e G 3 6 3 1  1 2 e d 5 4  ld , .548 Id0675 22.46 
d e 7 2 U 4 4 7 3 E ~  113 1 1 a 22 1 6 3  1 7E- fo 1 1 e 859 3220E+ 6312 
356i)D. 5 .237  5.743 2 e  126 4eV149 13 .597  13 .346  8.672 23.183 
d e  6d92111E~-691 1 0  4142742Emk31 1 0  kJ633761E+08 
4BtilO. 5. 3 4 2  5.6 12 2- 459 4*ld9d 14. 353 20. 17@ kl.863 2 3 .  53 
i 
d*,6574676E-i41 1. 61 1 3 2 8 3 E - U l  1 Id 7738 6 2 E +  idill 
4S@@. 5.3d5 Set376 2.d631 4. 149 15. 138 21 .814  kI.666 2.40 1 7  
5 0  6252U46E-01 1 e t3 147443  E- 8 1 1. #E( 69565E+ 108 
S88cr)e 5 . 4 3 5  S o 3 4 2  3.151 4e2(n1 15 .337  21.37’3 Oed63 2 4 0 7 5  
6.4134 &@E-01 3. 1512L19dE-ldl l e  1467838E+0i4 
8 0 8 i D e  50734  6 0 3 6 1  S - 4 4 3  4.54121 21.17121 2 7 e 5 3 1  Oed42 28.44 
4 e 2 7633 5 M  5 E -  lil 1 4 0 1 7.2 33 S 5E- Q 1 l e  13id4762E+08 
1880de S o 3 5 2  6 . 6 6 7  7 .197  4.796 2 5 . 1 4 4  310318 @ e a 2 7  3 1 . 1 2  
d e  11163ld4E-Idl 5e3171255E-81 1 0  237623dE+00  
12@@@* 6 e 1 4 d  6.397 5 ~ 1 5 5  5erdd6 2 3 0 5 d 4  3 6 0 5 d 1  Bed11 3 4 e W U  
\ 
7 e d 4 7 4 1 2 I E- tl 1 7.313rD131E-81 1 e 3 15733 SE+ lblb 
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Table 7-3. Switch Losses and I n v e r t e r  E f f i c i ency  
Frequency Response P r i n t o u t  
c PDi i  P uo PSW PSAT ?Ti3 P T 3  T EFF dT 
8-dh l5473L-kJ l  4. 1232813E-82  1 * 8 2 0 4 8 8 2 E + 8 8  
25861. S o  102  5.5114 @ e 6 2 2  3 .833  1 0 . 1 5 4  1 5 . 6 3 4  16.336 218.4'3 
4 o 4 48 33 72E- B 1 4. 3 75 S883E- fd2 1 e 162453 a2E+ 843 
3f3!dd. 5 .123  5 .546  @ a  75M 3 .d60  160 4 d 3  169 03(6 ! 4 * d d S .  28. 73 
3 5 3 5  1251 E- ~4 1 S o  d 44233 7E-kl02 1 e 162dd 866E+ id0 
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d .  5 LIS 292(bE- Io1 7.6448 3333 E- k32 , 1 0 3  73444E+ 816 
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Table  7-4. Switch Losses and I n v e r t e r  E f f i c i e n c y  
Program List 
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The curve f o r  a s i n g l e  power condi t ioner  i s  r e l a t i v e l y  f l a t .  
occurs between t h r e e  and f i v e  k i l o h e r t z .  For more than t e n  loads ,  t he  minimum 
weight remains a t  f i v e  k i l o h e r t z .  Therefore,  t h e  results presented a r e  app l i cab le  
t o  systems having more than t e n  loads.  The g r e a t e r  weight below three  k i l o h e r t z  
i s  t h e  r e s u l t  of f i l t e r  and t ransformer weight.  The e f f e c t s  of cons tan t  f i l t e r  
weight reduce these  loads and s h i f t  t he  frequency s l i g h t l y .  A review of Figure 7-3 
shows t h a t  above t h r e e  k i l o h e r t z  f i l t e r  weight i s  r e l a t i v e l y  constant .  Transformer 
weight t he re fo re ,  has the  p r i n c i p a l  e f f e c t .  The g r e a t e r  weight above f i v e  k i l o h e r t z  
i s  t h e  r e s u l t  of source and h e a t  s i n k  p e n a l t i e s  due t o  i n e f f i c i e n c i e s  shown i n  
Figure 7-13. 
Minimumweight 
From t h e  weight curves an optimum frequency range i s  from two t o  s i x  k i l o h e r t z .  
This range i s  r e l a t i v e l y  broad. Examination of the  s lopes  a t  each frequency 
provides an i n d i c a t o r  of t he  system weight s e n s i t i v i t y  t o  f a c t o r s  t h a t  determine 
t o t a l  weight. System weight s e n s i t i v i t y  t o  frequency i s  shown i n  Figure 7-15. 
The d a t a  shows t h a t  w i th in  t h e  present  c o n s t r a i n t s  system weight i s  l e s s  s e n s i t i v e  
t o  frequency a t  t h e  h igher  end of t he  usable  frequency band. 
System weight a t  t he  lower end i s  :pr imar i ly  determined by t ransformer designs and 
a t  t he  higher  end by t r a n s i s t o r  switch c h a r a c t e r i s t i c s  and source c a p a b i l i t y .  
Transformer designs w i l l  probably not  change i n  the  near  f u t u r e ,  and the re fo re  
the  lower end of t he  curves w i l l  no t  change. T rans i s to r  switch responses may be 
improved by d e r a t i n g  and c i r c u i t  techniques,  and t h e  probable response ( 3 , l )  may 
approach (1, 1). Projected source improvements g r e a t e r  than 1.2 wa t t s  per  pound 
a r e  expected; t h e r e f o r e ,  t h e  weight s e n s i t i v i t y  t o  frequency a t  t he  h igher  end 
w i l l  be reduced accordingly.  On t h i s  b a s i s ,  t he  upper end of the  range i s  recom- 
mended. 
Frequency Recommendations 
The usable  frequency range where sys temweight  i s  minimized i s  from two t o  s i x  
k i l o h e r t z .  The upper end of t he  range i s  recommended'. 
The ana lys i s  included power processing func t ions  f o r  DC t o  DC conversion. For an 
AC d i s t r i b u t i o n  system a second t ransformer i s  added which r e s u l t s  i n  increased 
weight f o r  lower f requencies  and r e s u l t s  i n  a s l i g h t l y  h igher  lower frequency 
l i m i t .  The weight change wi th in  t h e  recommended range, however, i s  small .  The 
ana lys i s  i s  the re fo re  app l i cab le  t o  both DC and AC systems, when the  opera t ing  
frequency i s  w i t h i n  the  def ined usable  range. 
a f a c t o r  i n  a comparison of AC and DC d i s t r i b u t i o n  systems. 
The frequency of opera t ion  i s  not  
Power subsystem frequency requirements p re sen t ly  r equ i r e  1600 and 400 Hertz f o r  
gyro and momentum wheel power. 
Her tz ,  s ince  i t  i s  a mul t ip l e  of t he  present  system frequency requirements.  


































7.2 D i s t r i b u t i o n  S tud ie s  
In t roduct ion  
An e l e c t r i c a l  d i s t r i b u t i o n  s tudy was performed t o  determine the  e l e c t r i c a l  power 
d i s t r i b u t i o n  method f o r  t he  Thermoelectric Outer Planet  Spacecraf t .  The s tudy 
ob jec t ives  were t o  provide r e l a t i v e  comparisons of system performance wi th  r e spec t  
t o  power, weight and r e l i a b i l i t y .  Other parameters t h a t  were reviewed a r e  thermal 
c o n t r o l ,  vo l tage  r egu la t ion ,  s i z e ,  p r o d u c i b i l i t y ,  e lectromagnet ic  i n t e r f e r e n c e ,  
and s t a t i c  switching. 
Invers ion  i s  required because use r  loads do n o t  use the  source vol tage  d i r e c t l y .  
Since system performance parameters a r e  s e n s i t i v e  t o  t h e  invers ion  frequency, 
the  frequency range was i d e n t i f i e d  where minimum system weight i s  r e a l i z e d .  The 
primary ob jec t ives  were t o  make t h e  s e l e c t i o n  of the  d i s t r i b u t i o n  system i n s e n s i t i v e  
t o  frequency, t o  s e l e c t  an AC d i s t r i b u t i o n  frequency, and t o  def ine  the  frequency 
range f o r  DC t o  DC conver te rs  f o r  t h e  DC d i s t r i b u t i o n  system. 
Approach 
A review of d i s t r i b u t i o n  s tudy parameters genera l ly  r e s u l t s  i n  small  system d i f f -  
erences.  This a n a l y s i s  includes those i tems a f f ec t ed  by t h e  d i s t r i b u t i o n  system; 
t h a t  i s ,  loads t h a t  could be suppl ied  by e i t h e r  AC o r  DC d i s t r i b u t i o n  and t h a t  
r e q u i r e  add i t iona l  power processing.  Loads t h a t  use DC power d i r e c t l y  a t  t he  
source vo l t age ,  and AC motor loads wi th in  t h e  A t t i t u d e  Control Subsystem, a r e  no t  
considered s ince  they a re  common t o  any d i s t r i b u t i o n  system, 
The power systems considered a r e  shown i n  Figure 7-16. Each i s  provided wi th  a 
regula ted  DC inpu t  vo l t age ,  and power condi t ion ing  equipment wi th in  the  power 
subsystem and a t  each load i s  included. Pos t  r egu la to r s  w i th in  the  loads a re  no t  
considered f o r  weight o r  r e l i a b i l i t y ,  s ince  they would be required f o r  any d i s t r i -  
but ion system. However, t h e i r  i n e f f i c i e n c y  i s  considered t o  e s t a b l i s h  the  quan t i ty  
of power required from the  source.  
Post r egu la to r s  w i t h i n  each load a r e  considered t o  e s t a b l i s h  t o t a l  power requirements,  
bu t  a r e  not considered f o r  weight o r  r e l i a b i l i t y  s ince  they a r e  common t o  e i t h e r  
d i s t r i b u t i o n  system. 
The AC d i s t r i b u t i o n  system c o n s i s t s  of a main i n v e r t e r  i n  the  power subsystem and 
a t ransformer,  r e c t i f i e r ,  and f i l t e r  a t  each load.  The two DC d i s t r i b u t i o n  systems 
shown were reviewed. The f i r s t  c o n s i s t s  of a DC t o  DC converter  a t  each load ,  
and t h e  second c o n s i s t s  of a s i n g l e  DC t o  DC converter  i n  t h e  power subsystem 
t h a t  provides a l l  output  vo l t age  requirements.  Power switching requirements a r e  
shown schematical ly  a s  r e l a y  contac ts .  
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The functions required to process power to the desired load voltages are shown 
in Figure 7-17. 
General weight trends and efficiencies are also shown for the DC case and are 
applicable for the equivalent function of the AC case. Note that all functions 
are sensitive to frequency such that either weight or efficiency is affected 
by a change in operating frequency. 
converted to additional source weight at a penalty of'1.2 watts per pound. 
Transformer weight and filter weight decrease as frequency increases. Switch 
efficiency decreases as frequency increases, and this results in increased power 
source weight. Therefore, as frequency increases, power system weight decreases 
due to lighter magnetic components, but increases due to switch inefficiencies. 
The summation of these effects results in an inversion frequency range where 
weight is considered minimized. This study is based on component designs that 
operate within this frequency range of minimum total system weight. 
A functional comparison is made between AC and DC systems. 
Note also that inefficiencies may be 
The differences between the two systems of Figure 7-17 are the additional power 
transformer required for the AC system which reduces overall efficiency and 
increases source weight, and the large number of DC to DC converter power oscill- 
ators (one per load) which, when packaged, increase overall weight. These power 
and weight differences were identified through load analysis and a review of 
power conditioning equipment to satisfy load requirements. 
The distribution system was considered loss-less since it consists of relay contacts 
and wire. However, the weight of the centralized DC distribution systems exceeds 
the AC or DC distributed converter systems. Here a large number of relay contacts 
are required for each load (one for each voltage, and one master relay to interface 
with the command subsystem); and additional wiring is required to connect the 
multiple output voltages to user loads. 
A parametric analysis of AC and DC distribution systems was performed to show 
system reliability as a function of inverter, transformer-rectifier, and DC to DC 
converter reliability. Using TOPS and Mariner failure rates, a relative relia- 
bility estimate of the functional components defined the region of interest within 
the parametric data. Redundancy was applied to selected loads. Growth effects 
were reviewed in order to identify the greatest system reliability improvements 
for increases in power conditioning equipment reliabilities. System operation 
under failure modes was identified. Consideration was given to system operation 
as a result of low source voltage during fault clearing, as well as fault clearing 
implementation. 
Additional considerations are thermal control, voltage regulation, size, produci- 
bility and electromagnetic interference. 
The frequency range where weight is minimized is from two to six kilohertz as 
discussed in Section 7.1. The inverter should operate near the high end of the 
minimum weight range, and at a multiple of 400 Hertz to minimize interaction with 
the attitude control system. Based on these considerations, 4800 Hertz is recom- 



















































was eliminated primarily because of the larger number of relays required for 
load control and its resulting lower reliability. 
configuration is essential for reliable fault clearing. The AC system should 
be divided into several small inverters to provide the same decentralization as 
the DC system. Since the DC system provides the greatest decentralization, and 
since it is favored in many of the system parameters studied, the recommendation 
is that a distributed converter DC distribution system be developed for TOPS. 
A decentralized power processing 
System parameter comparisons are tabulated in Table 7-5. The distribution systems 
are distributed DC, AC and centralized DC. Thirty-two loads can be supplied directly 
with either AC or DC voltage. Redundant power conditioning may be required for 
eleven of these loads. Table 7-6 is a listing of loads where redundancy may be 
indicated. 
The power shown is the source power required for each system. It is based on a 
load analysis of voltage, power and regulation at each voltage. For the AC and 
DC systems, load requirements were satisfied; however, for the centralized DC system 
voltages were selected based on common use and DC to DC converters were applied 
for voltages greater than 35 volts. Figure 7-18 is a functional block diagram 
of a DC to DC converter with a series post regulator showing the method of calcu- 
lating power. Where regulation better than five percent was required, a minimum 
fixed loss of two volts was used for the series regulator. The efficiency of 
filters and transformers is fixed as a design requirement. The efficiency of diodes 
is determined by a fixed voltage drop of 0.8 volts. The efficiency of each power 
transistor switch was determined from the frequency analysis at five kilohertz. 
For low power DC to DC converters (less than 5 watts) the power transistor switch 
efficiency was modified as shown in Figure 7-Dto account for fixed oscillator 
losses. 
The power source requirement for the centralized DC system is the lowest. The 
distributed clbnverter DC system power is higher due to the lower efficiencies of 
each low power DC to DC converter and the lower efficiencies assumed for science 
power conditioning. The AC system source power is greater than either DC system 
due to the addition of a power transformer in the main inverter. 
The DC system is more efficient and is preferred over the AC system because the 
power margin is greater for a fixed power source. 
Weight 
System weight considerations are shown in Table 7-7. Each distribution system is 
represented by a functional description which is comparable to the block diagrams 
of Figure 7-17. As was discussed in the analysis approach, only those items which 
contribute to weight differences are compared. The differences occur in 
o Source due to differences in efficiencies of the distribution systems 
o Power Transistors, due to the larger number in the distributed DC 
system, compared with the one set in the distributed AC or centralized 
DC system 
o Power Transformer, due to the extra main power transformer in the 
distributed AC system 
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Table 7-5. System Comparison 
LOADS 
S I Z E  G E N E R A L L Y  E Q U A L  
2 5 8  
I 
246 
18.1 2 1 . 5  
RELIABILITY 
ELECTRONIC 
P RODUC I B  I L  ITY 
I SWITCHING I CIRCUIT DEVELOPMENT 1 CIRCUIT DEVELOPMENT I 
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Table 7-6. L o a d s  w i t h  R e d u n d a n c y  R e q u i r e m e n t s  
T E L E V I S I O N  A 
T E L E V I S I O N  B 
S C I E N C E  DATA SUBSYSTEM 
F L I G H T  TELEMETRY SUBSYSTEM 
DATA STORAGE SYSTEM 









































































Table 7-7. Weight C o n s i d e r a t i o n s  
RELAY HARNESS RELAY HARNESS RELAY HARNESS 
SHOWS COMMON ITEMS NOT USED FOR WEIGHT COMPARISON 
DIFFERENCES ARE: 
0 SOURCE POWER REQUIREMENTS 
0 TRANSISTORS, OSCILLATORS, AND TRANSFORMERS 
o D I S T R I B U T I O N  RELAYS AND WIRING 




o Power d i s t r i b u t i o n ,  due t o  t h e  harness  and r e l a y  switching f o r  t h e  
c e n t r a l i z e d  DC system. The d i s t r i b u t e d  DC and AC systems a r e  
assumed t o  have equal  weight d i s t r i b u t i o n  equipment. 
o Heat s i n k ,  due t o  t h e  weight pena l ty  a s soc ia t ed  w i t h  d i s s i p a t i n g  t h e  
e x t r a  w a t t s  l o s t .  
The common i t e m s  n o t  included a re :  
Source, due t o  t h e  t o t a l  source weight 
F i l t e r s ,  s i n c e  f i l t e r  requirements a r e  assumed equal  f o r  a l l  systems 
Low power t ransformers  , s i n c e  the  remote t ransformers  i n  the  d i s t r i b u t e d  
AC system and t h e  converter  t ransformers  i n  t h e  d i s t r i b u t e d  DC system 
a r e  assumed equal.  
R e c t i f i e r  weights ,s ince these  a r e  n e g l i g i b l e  r e l a t i v e  t o  t h e  power 
t r a n s i s t o r  switches.  
Switching frequency, s i n c e  system weight i s  considered constant  w i t h i n  
a given frequency band (see Sect ion 7-1).  
For d i scuss ion  purposes t h e  d i s t r i b u t e d  DC system i s  the  reference system. With 
a design source pena l ty  of 1 .2  w a t t s  pe r  pound (0.83 pounds per  w a t t )  and a h e a t  
s i n k  pena l ty  of 0.07 pounds pe r  w a t t ,  t h e  d i s t r i b u t e d  AC system requ i r e s  s ix  add& 
t i o n a l  wa t t s  a t  a t o t a l  pena l ty  of 0.9 pounds p e r  w a t t ,  o r  5.4 pounds more weight 
than t h e  d i s t r i b u t e d  DC system. S i m i l a r l y ,  t h e  c e n t r a l i z e d  DC system i s  more 
e f f i c i e n t  and r equ i r e s  s i x  less w a t t s  o r  5.4 pounds less than the  d i s t r i b u t e d  DC 
system. The d e t a i l  weight breakdown i s  summarized i n  Table 7-8. On a system b a s i s ,  
t he  d i s t r i b u t e d  DC system r e s u l t s  i n  a lower weight.  The primary d i f f e r e n c e  is  
t h e  source pena l ty  of 5.4 pounds appl ied t o  t h e  d i s t r i b u t e d  AC system f o r  i t s  lower 
e f f i c i e n c y .  The a d d i t i o n a l  d i s t r i b u t i o n  pena l ty  required f o r  t h e  c e n t r a l i z e d  DC 
system makes i t  less a t t r a c t i v e  than e i t h e r  d i s t r i b u t e d  system. 
The s i z e  e f f e c t s  a r e  discussed by a comparison of t h e  a d d i t i o n a l  l a r g e  s i z e  piece 
p a r t s ,  such a s  r e l a y s ,  f i l t e r s ,  and t ransformers .  The a d d i t i o n a l  volume required 
f o r  t h e  many o s c i l l a t o r s  of t he  DC system may be considered a small  a d d i t i o n  t o  
t h e  t r a n s f o r m e r - r e c t i f i e r  assembly of t h e  d i s t r i b u t e d  AC system. The c e n t r a l i z e d  
DC system is considered t o  have t h e  s m a l l e s t  power condi t ioning equipment r equ i r e -  
ments, s i n c e  packaging e f f i c i e n c y  of a s i n g l e  l a r g e  u n i t  i s  g r e a t l y  improved over 
mul t ip l e  u n i t s  f o r  e i t h e r  t he  d i s t r i b u t e d  AC o r  DC systems. However, t he  s i z e  
required f o r  a d d i t i o n a l  r e l ays  and r e l a t e d  d i s t r i b u t i o n  and c o n t r o l s  i s  g r e a t e r ;  
t h e r e f o r e ,  t he  s i z e  i s  considered equal  t o  t h e  d i s t r i b u t e d  AC o r  DC systems. 
The d i s t r i b u t e d  DC system has the  p o t e n t i a l  f o r  providing t h e  l i g h t e s t  weight system, 
and i s  t h e  p re fe r r ed  system from a weight s t andpo in t .  
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Table 7-8. Weight Summary 
( 7 )  
( 2 )  
RELAY - .05 Poun& Pa R e h y  and R e l u g  P n i v e ~  
ffARNESS - 5 f o o t  A v e ~ a g e  Lengkh ;to Loa& 
7 - 4 3  
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R e l i a b i l i t y  
I n d i c a t o r s  of system r e l i a b i l i t y  a r e  gross  p a r t s  count,  appl ied  redundancy, appl i -  
c a t i o n  of f a i l u r e  rates t o  r e l i a b i l i t y  c a l c u l a t i o n s ,  s e n s i t i v i t y  t o  changes i n  
component r e l i a b i l i t y ,  and system opera t ion .  These f a c t o r s  have a l l  been 
considered and a r e  now discussed.  
P a r t s  Count 
Typical  c i rcu i t s  w e r e  reviewed f o r  app l i ca t ion  t o  the  func t iona l  blocks shown 
i n  Figure 7-17. Figure 7-20 i s  a p a r t s  count breakdown f o r  each c i r c u i t  funct ion.  
Figure 7-21 shows r e l a y  and r e l a y  d r i v e r  c i r c u i t s  p iece  p a r t  requirements f o r  
redundant and non-redundant switched loads.  
The t o t a l  p a r t s  count includes t h e  power condi t ion ing  equipment and the  r e l a y  
c i r c u i t s .  Both t h e  d i s t r i b u t e d  AC and DC systems r equ i r e  t h e  same number of r e l ays  
s i n c e  each r equ i r e s  only one p a i r  of l ines pe r  load.  The cen t r a l i zed  DC system 
requ i r e s  more r e l a y s  s ince  mul t ip l e  l i n e s  a r e  t r a n s f e r r e d  t o  each load ,  and a 
master  r e l a y  i s  requi red  t o  i n t e r f a c e  wi th  a s i n g l e  command. Since the  c e n t r a l i z e d  
DC system has t h e  g r e a t e s t  number of r e l a y s ,  i t s  piece p a r t  count i s  high even 
though the  power condi t ion ing  equipment has  r e l a t i v e l y  few p a r t s .  The d i s t r i b u t e d  
AC system has t h e  fewest p iece  p a r t s  because a main i n v e r t e r  i s  used, whi le  f o r  
t he  d i s t r i b u t e d  DC system an ind iv idua l  conver te r  a t  each load i s  required.  
Applicat ion of t he  p iece  p a r t  f a i l u r e  rates shown i n  Table 7-9 was performed t o  
f a i l u r e  r a t e s  from Table 7-1 of t h e  f i r s t  Quar te r ly  Technical Report wi th  some 
a d d i t i o n a l  piece p a r t  information,  and compares t h i s  wi th  TRW da ta  used i n  t h e  
Mariner Mars power system study.  For system comparison t h e  r e l i a b i l i t y  models used 
a r e  shown i n  Figure 7-22. P e r f e c t  f a i l u r e  de t ec t ing  and switching i s  assumed f o r  
redundant conf igura t ions  s i n c e  these  should be an order  of magnitude more r e l i a b l e  
than t h e  func t iona l  component pro tec ted  i n  order  t o  e f f e c t i v e l y  improve r e l i a b i l i t y  
i n  a redundant conf igura t ion .  Parametr ic  da t a  was generated showing system r e l i a b i l i t y  
(Rs)  f o r  var ious  inverter r e l i a b i l i t i e s  (Ri) a s  a func t ion  of t ransformer r e c t i f i e r  
r e l i a b i l i t y  ( R t )  and DG t o  DC conver te r  r e l i a b i l i t y  (Rc). The parametr ic  da t a  
was generated using p a r a l l e l  redundancy r a t h e r  than_ standby redundancy because t h e  
r e l i a b i l i t y  d i f f e rence  i s  small  f o r  low values  of ,A t .  ( r e f e r  t o  Figure 7-23, and 
the  d e r i v a t i o n  of Figure 7-24). 
+ determine t h e  r e l a t i v e  r e l i a b i l i t y  of each component. This t a b l e  combines the  TOPS 
Applying the  ca l cu la t ed  component r e l i a b i l i t y  t o  the  system parametr ic  curves 
provides the  system r e l i a b i l i t y  f o r  d i s t r i b u t e d  AC o r  DC systems. The c e n t r a l i z e d  
DC systemwas n o t  evaluated f u r t h e r  because t h e  e l e c t r o n i c  p iece  p a r t  count i s  
g r e a t e s t  and the  l a r g e r  sub se t  of t h e  t o t a l  i s  t h e  r e l a y ,  t h e  p iece  p a r t  w i th  t h e  
h ighes t  f a i l u r e  r a t e .  The c e n t r a l i z e d  DC system automat ica l ly  becomes t h e  l e a s t  
r e l i a b l e  system when r e l a y  f a i l u r e  r a t e s  are considered. Fur ther  cons idera t ion  
of t h e  cen t r a l i zed  DC d i s t r i b u t i o n  system was n o t  necessary s ince  both d i s t r i b u t e d  
AC and DC systems r equ i r e  one r e l a y  and one p a i r  of wi res  per  load.  Therefore ,  
t h e  da t a  i n  Figure 7-25 and 7-26 c o n s i s t s  of p a r a l l e l  redundancy wi th  p e r f e c t  switching 
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2 INTEGRATED CIRCUITS 
1 RELAY 
19 PARTS PER RELAY 




Figure 7-21. Re1 ay Circuit Piece Part Requirements 
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Table 7-9.. P a r t  F a i l u r e  Rate Data f o r  the D i s t r i b u t i o n  Sttidy 









Signal & Switching 
Zener 
Power 





Small Signal bi-polar 
Power Bi-polar 
JFET 
Isolated Gate FET 
Si Controlled Rectifier/Switch 





Power >I. 0 Watt Dissipation 
Power <1.0 Watt Dissipation 
Induct or s 
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DC TO DC 
CONVERTER 
11 C R I T I C A L  LOADS 
CONDITIONING 
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FOR ACTIVE REDUNDANCY ( RA) : 
FOR DORMANT REDUNDANCY (Ro) : 
WHERE: A = FAILURE RATE OF UNIT 
= FAILURE RATE OF SWITCH 
;t = M I S S I O N  TIME 
e-XR 4- XXe-(X+Xn)R > 2e-xf - e -2XR 
AND THIS REDUCES TO: 
7 i XRe-Xnf > 2 - ,-XR 
AND THIS REDUCES TO: 
1 4. XRe-W > 2 - e - h R  
FOR = 0, (PERFECT SWITCHING) 
7 i > 2 - [7 - AR + [ h R p ? / 2 !  - (XR13/3! . . . . I  
7 + XR > 1 4. XR - I X R ) 2 / 2 !  + (XR)3/3r . .... 
AND THIS I S  TRUE FOR ALL VALUES OF x R .  
HOWEVER, I F  AX I S  SMALL: 
I + AR = 7 + XR - ( X R ) 2 / 2 !  -k (XR)3/3! . . . e  
, F i g u r e  7-24. D e r i v a t i o n  o f  Redundancy Re1 i abi  1 i ti es 
I i  N, 7   /  -  . . . e  
i i f i
- 2e-X-t - (7-43) ' A  - 
FOR Up > UA 
(7-45) e-XR + Xxe-(X+Xn)R > 2e-xf - , -2xA 
(7-46) 
An 
(7-47) + XR ( j Z / 2 !  ) /3! 
(7-48) 7      ) /   A 3/3/ 
I 
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The system r e l i a b i l i t y  of Figure 7-25 i s  based on 11 c r i t i c a l  redundant loads 
and 11 sc ience  non-redundant loads suppl ied from e i t h e r  a redundant main 
i n v e r t e r  i n  t h e  d i s t r i b u t e d  AC system o r  DC t o  DC converters  i n  t h e  d i s t r i b u t e d  
DC system. The curve R i  = 1.0 i s  t h e  d i s t r i b u t e d  DC system; t h e  o t h e r  curves 
are f o r  va r ious  i n v e r t e r  r e l i a b i l i t i e s .  For t h i s  system d e f i n i t i o n  t h e  d i s t r i b u t e d  
AC system i s  s l i g h t l y  more reliable. .  When only t h e  c r i t i c a l  loads a r e  considered 
a s  shown i n  Figure 7-26, t h e  system r e l i a b i l i t y  i s  g r e a t e r  and t h e  d i s t r i b u t e d  AC 
system i s  aga in  s l i g h t l y  more r e l i ab le - .  Although t h e  p a r t s  count suggests  a 
l a r g e  r e l i a b i l i t y  d i f f e r e n c e ,  t h e  c a l c u l a t e d  d i f f e r e n c e  i s  r e l a t i v e l y  small .  
Reviewing r e l i a b i l i t y  from a growth a spec t  i s  accomplished through s e n s i t i v i t y  
s t u d i e s .  Figure 7-27 i s  a s e t  of parametr ic  curves s imilar  t o  those previously 
discussed.  Given an a r b i t r a r y  system r e l i a b i l i t y ,  R s  = ,988, and using t h e  
est imated i n v e r t e r ,  t r a n s f o r m e r - r e c t i f i e r ,  and DC t o  DC converter  r e l i a b i l i t i e s  , 
improvement i n  component r e l i a b i l i t y  i s  necessary f o r  e i t h e r  t he  d i s t r i b u t e d  DC o r  
AC system i n  o rde r  t o  s a t i s f y  the  assigned system r e l i a b i l i t y ,  R s .  The system 
requ i r ing  minimum component improvement i s  an i n d i c a t i o n  of t h e  p o t e n t i a l l y  more 
r e l i a b l e  system. 
Point@ rep resen t s  t h e  d i s t r i b u t e d  DC system, and t h e  DC t o  DC conve r t e r  r e l i a b i l i t y  
i nc rease  ( r a t i o  of u n r e l i a b i l i t y )  required i s  from 0.968 t o  0.975 (a r a t i o  of 1.3). 
Po in t  @ r ep resen t s  t h e  d i s t r i b u t e d  AC system r e l i a b i l i t y  f o r  an i n v e r t e r  of 0.9 
r e l i a b i l i t y .  For a constant  t r a n s f o r m e r - r e c t i f i e r  r e l i a b i l i t y  t h e  i n v e r t e r  r e l i a -  
b i l i t y  would have t o  inc rease  t o  Point@, i . e . ,  from 0.9 t o  0.94 (a  r a t i o  of 1.7).  
For a constant  i n v e r t e r  r e l i a b i l i t y  t h e  t r a n s f o r m e r - r e c t i f i e r  r e l i a b i l i t y  would 
have t o  inc rease  by an order  of magnitude (a r a t i o  of 2 3 ) .  Note t h a t  any improvement 
i n  t r a n s f o r m e r - r e c t i f i e r  r e l i a b i l i t y  i s  a l s o  an improvement i n  DC t o  DC converter  
r e l i a b i l i t y .  Therefore ,  f o r  t h e  d i s t r i b u t e d  AC system t o  r e s u l t  i n  a h ighe r  r e l i a -  
b i l i t y  growth than t h e  d i s t r i b u t e d  DC system the  r e l i a b i l i t y  growth has  t o  be i n  
t h e  i n v e r t e r .  Since t h e  d i s t r i b u t e d  DC system inc rease  i s  l e s s  than t h e  d i s t r i b u t e d  
AC system, t h e  d i s t r i b u t e d  DC system has t h e  p o t e n t i a l  f o r  providing t h e  h ighes t  
system r e l i a b i l i t y .  
This aspect  may be v i s u a l i z e d  e a s i l y  when consider ing d e r a t i n g  f a c t o r s  f o r  many DC 
t o  DC converters  compared wi th  a s i n g l e  main i n v e r t e r .  For example, t h e  u s e  of a 
f i v e  ampere t r a n s i s t o r  a t  less than one ampere g r e a t l y  improves r e l i a b i l i t y  of t h e  
power o s c i l l a t o r  of t h e  DC t o  DC converter .  
f o r  t he  main i n v e r t e r  due t o  the  a v a i l a b i l i t y  of p a r t s .  A t h i r t y  ampere t r a n s i s t o r  
ope ra t ing  a t  e i g h t  amperes r e s u l t s  i n  l e s s  r e l a t i v e  d e r a t i n g  making t h e  d i s t r i b u t e d  
AC system more d i f f i c u l t  t o  improve. Further  r e l i a b i l i t y  growth could be r e a l i z e d  
i n  the  d i s t r i b u t e d  DC system through i n t e g r a t e d  c i r c u i t  techniques f o r  t h e  power 
o s c i l l a t o r  of each DC t o  DC converter .  This would reduce the  d i f f e r e n c e  between 
t h e  t r a n s f o r m e r - r e c t i f i e r  and t h e  DC t o  DC converter  r e l i a b i l i t y .  This type of 
improvement i s  impossible t o  a t t a i n  i n  the d i s t r i b u t e d  AC system because of t he  
high power level  of t h e  main i n v e r t e r .  



































I n  summary, t h e  c e n t r a l i z e d  DC system w a s  considered less r e l i a b l e  than t h e  
d i s t r i b u t e d  DC o r  AC system; t h e r e f o r e ,  f u r t h e r  a n a l y s i s  was terminated. The 
piece p a r t  count of t h e  d i s t r i b u t e d  AC system i s  less than t h e  d i s t r i b u t e d  DC 
system, but  t h e  c a l c u l a t e d  r e l i a b i l i t y  without  applying d e r a t i n g  f a c t o r s  shows 
l i t t l e  d i f f e r e n c e  between t h e  two approaches. Consideration of r e l i a b i l i t y  
growth does,  however, show t h a t  a g r e a t e r  system r e l i a b i l i t y  i s  p o t e n t i a l l y  
a v a i l a b l e  f o r  t h e  d i s t r i b u t e d  DC system. The next  a spec t  of r e l i a b i l i t y  t o  be 
considered i s  t h e  ope ra t iona l  system - p a r t i c u l a r l y  during f a i l u r e  modes. 
System Operation 
A f a i l u r e  modes and e f f e c t s  r e l i a b i l i t y  a n a l y s i s  provides system o r  component 
cons ide ra t ions  t h a t  reduce t h e  e f f e c t s  of some f a i l u r e  modes. Ser ious f a i l u r e  
modes f o r  TOPS power subsystem a r e  those t h a t  r e s u l t  i n  load changes causing t h e  
source vo l t age  t o  exceed t h e  regulated vo l t age  t o l e r a n c e s .  Both load reduct ion 
and load inc rease  w i l l  a f f e c t  t he  de l ive red  power, bu t  t he  shunt r e g u l a t o r  w i l l  
l i m i t  t h e  v o l t a g e  excursion f o r  load reduct ion.  Therefore ,  only inc reas ing  load 
f a u l t s  a r e  considered i n  t h i s  a n a l y s i s .  
Typical source BOM and EOM c h a r a c t e r i s t i c s  a r e  shown i n  Figure 7-28. These char- 
a c t e r i s t i c s  a r e  modified by the shunt r e g u l a t o r  t o  maintain constant  vo l t age  
w i t h i n  source c a p a b i l i t y .  Two load l i n e s  a r e  shown, t o t a l  load and t h e  i n v e r t e r  
load only. The i n v e r t e r  load makes up much of t he  t o t a l  load. 
The system ope ra t iona l  requirements a r e  t h a t  load f a u l t s  s h a l l  no t  r e s u l t  i n  
power subsystem degradat ion and t h a t  normal ope ra t ion  resume after:fault  removal. 
A second requirement i s  t h a t  a power condi t ioning f a i l u r e  s h a l l  be de t ec t ed  and 
t h e  f a u l t y  u n i t  removed from t h e  bus. Probable f a i l u r e  of loads and of t h e  power 
cond i t ione r  a r e  t h a t  t h e  r e f l e c t e d  load impedance could approach zero.  Under 
t h i s  f a i l u r e  t h e  source vo l t age  could decrease t o  ze ro  making f a i l u r e  d e t e c t i n g  
and f a u l t  removal without  energy s t o r a g e  impossible.  Therefore,  f a u l t  d e t e c t i o n  
and p r o t e c t i o n  f o r  power condi t ioning may be e i t h e r  a fuse o r  a c i r c u i t  breaker .  
For t h e  purpose of t h i s  example i n  the  d i s t r i b u t e d  AC system, the  fuse  r a t i n g  
would be twice the  normal load (eighteen amperes) i f  t h e  load f a u l t  p r o t e c t i v e  
device were a fuse .  Two f a u l t  l i n e s  a r e  shown c ross ing  the  BOM and EOM c h a r a c t e r i s t i c  
a t  t he  e igh teen  ampere l i m i t .  Load f a u l t s  i n  excess of t hese  r e s u l t  i n  i n v e r t e r  
i npu t  c u r r e n t  g r e a t e r  than the  i n v e r t e r  p r o t e c t i v e  device r a t i n g .  
d i t i o n s  the i n v e r t e r  f a u l t  p r o t e c t i v e  device r a t i n g  w i l l  be exceeded and degradat ion 
may occur. I f  t he  i n v e r t e r  f a u l t  p r o t e c t i o n  device were a c i r c u i t  b reake r ,  f a u l t s  
g r e a t e r  than those shown w i l l  r e s u l t  i n  r ace  condi t ions between load f a u l t  p r o t e c t i v e  
device and i n v e r t e r  p r o t e c t i v e  device.  Regardless of p r o t e c t i v e  device t h e  i n v e r t e r  
i npu t  c u r r e n t  should n o t  exceed t h e  p r o t e c t i v e  device r a t i n g  f o r  load f a u l t s .  To 
s a t i s f y  t h i s  requirement an overload c h a r a c t e r i s t i c  could be incorporated a s  p a r t  
of t he  i n v e r t e r .  This c h a r a c t e r i s t i c  i s  shown i n  Figure 7-29. 
Under these  con- 
The i n v e r t e r  f a u l t  p r o t e c t i v e  device may be e i t h e r  a fuse  o r  a c i r c u i t  breaker.  
The source s h o r t  c i r c u i t  c u r r e n t  i s  24 amperes. With a f a u l t e d  i n v e r t e r  t h e  
cu r ren t  r a t i o  of f a u l t  c l e a r i n g  t o  f a u l t  r a t i n g  i s  1.3. This r a t i o  i s  n o t  adequate 
f o r  fuses  and marginal f o r  c i r c u i t  b reake r s ,  p a r t i c u l a r l y  i n  t h e  l i g h t  of probable 











































































load growth, t h e  i n v e r t e r  func t ion  should be divided i n t o  more than one u n i t .  
The sma l l e r  i n v e r t e r s  and i t s  load then r ep resen t  a sma l l e r  percent  of t h e  t o t a l  
load and may be p ro tec t ed  a t  c u r r e n t  levels w e l l  below the  source c a p a b i l i t y  
which could a s su re  f a u l t  removal. The d i s t r i b u t e d  AC system r e l i a b i l i t y  i s  
reduced by t h i s  a spec t .  Figure 7-30 i s  a comparison of d i s t r i b u t e d  AC systems 
containing one and four  i n v e r t e r s .  
A system containing a s i n g l e  i n v e r t e r  t h a t  experiences an i n v e r t e r  f a i l u r e  r e s u l t s  
i n  t o t a l  power l o s s  f o r  a l l  loads.  Divis ion of t he  i n v e r t e r  funct ion reduces 
t h e  e f f e c t  of an inverter f a i l u r e .  Therefore,  t h e  recommendation i s  t h a t  the 
d i s t r i b u t e d  AC system be d i s t r i b u t e d  a t  both source and load ends. Since t h e  
d i s t r i b u t e d  DC system provides t h e  g r e a t e s t  d e c e n t r a l i z a t i o n ,  t he  d i s t r i b u t e d  DC 
system i s  p re fe r r ed  from t h e  s tandpoint  of systems ope ra t ion  during f a i l u r e  modes. 
Thermal Control 
Spacecraf t  thermal design r e q u i r e s  t h a t  a l l  power d i s s i p a t e d  w i t h i n  the  s p a c e c r a f t  
be con t ro l l ed  t o  maintain t h e  v e h i c l e  and s e n s i t i v e  loads w i t h i n  prescr ibed temper- 
a t u r e  l i m i t s .  S e n s i t i v e  loads may r e q u i r e  a d d i t i o n a l  h e a t e r  power. However, t h e  
ma jo r i ty  of s p a c e c r a f t  loads r e q u i r e  d i s s i p a t i o n  of normal power. Spec ia l  design 
cons ide ra t ions  a r e  required f o r  high power d i s s i p a t i n g  loads.  I f  thermal loads 
a r e  evenly d i s t r i b u t e d ,  s p e c i a l  h e a t  d i s s i p a t i n g  s t r u c t u r e s  a r e  reduced. The 
d i s t r i b u t i o n  system t h a t  tends t o  evenly d i s t r i b u t e  h e a t  i s  p re fe r r ed  s i n c e  the  
requirement f o r  s p e c i a l  thermal paths  i s  minimized. Fu r the r ,  i f  t he  a d d i t i o n a l  
h e a t e r  power f o r  sensit ive loads could be reduced by s e l e c t i o n  of a d i s t r i b u t i o n  
system, the  system t h a t  r equ i r e s  less power i s  p re fe r r ed .  
A system breakdown of s p a c e c r a f t  thermal inpu t  i s  shown i n  Figure 7-31. Approxi- 
mately f i f t e e n  percent  of t h e  t o t a l  power i s  l o s t  through power processing i n  
power condi t ioning equipment. The balance i s  d i s s i p a t e d  w i t h i n  the  load.  A 
f u r t h e r  brealtdown of power processing power i s  shown f o r  t h e  d i s t r i b u t e d  DC and AC 
systems and f o r  t h e  c e n t r a l i z e d  DC system. 
For t h e  d i s t r i b u t e d  DC system t h e  t o t a l  processing power i s  d i s t r i b u t e d  according 
t o  load requirements. The power condi t ioning equipment loca t ed  a t  t he  load w i l l  
d i s s i p a t e  f i f t e e n  percent  more power than a s e n s i t i v e  load which may be considered 
as a small  a d d i t i o n a l  burden f o r  thermal c o n t r o l .  However, f o r  s e n s i t i v e  loads 
t h a t  normally r e q u i r e  h e a t e r  power, t h i s  d i s s i p a t i o n  may be viewed a s  a d d i t i o n a l  
thermal con t ro l  power t h a t  w i l l  reduce t h e  thermal c o n t r o l  h e a t e r  power requirements. 
A main inverter e f f i c i e n c y  of approximately n i n e t y  percent  can cause a d i s s i p a t i o n  
of up t o  25 w a t t s  f o r  t h e  d i s t r i b u t e d  AC system. This d i s s i p a t i o n  r equ i r e s  s p e c i a l  
thermal design cons ide ra t ions  which would not  e x i s t  i f  i t  were d i s t r i b u t e d  among 
t h e  use r  subsystems. The d i s t r i b u t e d  DC system i s  p re fe r r ed  because the  thermal 
burden i s  d i s t r i b u t e d  more evenly without  pena l ty ,  and the  a d d i t i o n a l  h e a t  a t  t h e  
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Re gu 1 a t  ion 
An assumption was made e a r l y  i n  the  s tudy t h a t  pos t  r egu la to r s  would Got be 
required f o r  p lus  o r  minus f i v e  percent  vo l t age  r egu la t ion .  Fu r the r ,  i f  t i g h t e r  
vo l t age  r e g u l a t i o n  were r equ i r ed ,  pos t  r egu la to r s  would n o t  be included i n  t h e  
a n a l y s i s  s i n c e  these  would be common t o  both the  d i s t r i b u t e d  DC and AC systems. 
A review of load r egu la t ion  requirements shows t h a t  vo l t age  p rec i s ions  occur i n  
t h e  following s t e p s :  t e n ,  f i v e ,  two and one percent .  A review of a c t u a l  r e g u l a t i o n  
c a p a b i l i t y  f o r  t h e  d i s t r i b u t e d  AC and DC systems was performed t o  i d e n t i f y  t h e  
inhe ren t  r egu la t ion  c a p a b i l i t y  of t hese  d i s t r i b u t i o n  systems. 
The inpu t  vo l t age  t o  both systems i s  maintained constant  by t h e  shunt r egu la to r .  
Regulation a t  t h e  load v o l t a g e s ,  t h e r e f o r e ,  i s  determined by t h e  load v a r i a t i o n s  
and the  s e r i e s  r e s i s t a n c e  of t he  func t iona l  elements between the source and' load.  
Both the  d i s t r i b u t e d  AC and t h e  c e n t r a l i z e d  DC systems experience wide load v a r i a -  
t i o n s  (approximately 2.5 t o  1 .0 ) ,  while  t he  d i s t r i b u t e d  DC system has l i t t l e  load 
v a r i a t i o n  since each DC t o  DC converter  i s  designed €or a s p e c i f i c  l oad  requirement. 
For t h i s  reason, t he  d i s t r i b u t e d  DC system r e g u l a t i o n  is  b e t t e r  than e i t h e r  the 
d i s t r i b u t e d  AC o r  t he  c e n t r a l i z e d  DC system. The r e l a t i v e  q u a l i t y  of r egu la t ion  i s  
shown i n  Table 7-10, Regulation Summary. 
The d i s t r i b u t e d  DC system provides t y p i c a l  r egu la t ion  of l e s s  than one pe rcen t ,  
i n d i c a t i n g  t h a t  pos t  r e g u l a t o r s  w i l l  be necessary f o r  very p rec i se  r e g u l a t i o n  only. 
For t h e  d i s t r i b u t e d  AC system, pos t  r egu la to r s  w i l l  a l s o  be necessary f o r  two 
percent  r egu la t ed  outputs .  
Since the  d i s t r i b u t e d  DC system provides a b e t t e r  q u a l i t y  of vol tage r egu la t ion  
reducing the  number of pos t  r e g u l a t o r s ,  t he  d i s t r i b u t e d  DC system i s  p re fe r r ed .  
The r egu la t ion  was derived from t h e  s e r i e s  l o s s  o r  vo l t age  drop of t he  power 
cond i t ione r  func t iona l  elements. The e f f i c i e n c y  i s  t abu la t ed  f o r  r e fe rence ,  and 
t h e  s e r i e s  l o s s  i s  apportioned t o  the t o t a l  loss  of t he  func t iona l  element. For 
a load change of f i f t y  percent  the corresponding vo l t age  change i s  a l s o  t abu la t ed .  
Both the  d i s t r i b u t e d  AC and t h e  cen t r a l i zed  DC systems have been assigned a f i f t y  
percent  load change, while  t h e  DC t o  DC converters  of t h e  d i s t r i b u t e d  DC system 
have been assigned a t e n  percent  load change. 
The load change of t e n  pe rcen t  i s  r e f l e c t e d  through a l l  of t he  func t iona l  elements. 
This load r egu la t ion  i s  one f i f t h  of t h e  change experienced f o r  a f i f t y  percent  
load change f o r  t h e  o t h e r  two d i s t r i b u t i o n  systems. 
f o r  the d i s t r i b u t e d  DC system. 
These a r e  t abu la t ed  and t o t a l e d  
The load change f o r  t h e  c e n t r a l i z e d  DC system i s  a l s o  r e f l e c t e d  through a l l  of t he  














































SERIES LOS s. 
CHANGE 
- 50 10 50 
1.0 0.50 0.10 0.50 I 
1 .5 0.75 0.15. 0.75 














The f i f t y  percent  load change f o r  t he  d i s t r i b u t e d  AC system i s  r e f l e c t e d  through 
t h e  main i n v e r t e r  t ransformer and t h e  ind iv idua l  load change of ten percent  i s  
r e f l e c t e d  through t h e  remaining f u n c t i o n a l  elements of the t r a n s f o r m e r - r e c t i f i e r .  
Note t h a t  t h e s e  a r e  t h e  same as  t h a t  p o r t i o n  of t he  DC t o  DC converter .  These 
a r e  t abu la t ed  and t o t a l e d  i n  t h e  d i s t r i b u t e d  AC column. 
The d i s t r i b u t e d  DC system provides a two t o  one improvement i n  r egu la t ion  over 
t he  d i s t r i b u t e d  AC system, reducing the requirement f o r  pos t  r egu la to r s .  
Electromagnetic Control 
Electromagnetic c o n t r o l  i s  design p r a c t i c e  t o  minimize malfunctions o r  performance 
degradation due t o  generated electromagnet ic  i n t e r f e r e n c e  (EMI). 
Sing le  po in t  grounding i s  considered a system requirement. Both t h e  d i s t r i b u t e d  
DC and AC systems allow load i s o l a t i o n  where c u r r e n t  paths  a r e  e a s i l y  con t ro l l ed  
and where s i n g l e  po in t  grounding is  poss ib l e .  The c e n t r a l i z e d  DC system, however, 
assures  conductive coupling between loads.  
Compatibi l i ty  w i t h i n  a subsystem can be demonstrated wi th  a s i n g l e  subsystem t e s t .  
Both the  d i s t r i b u t e d  DC and AC systems permit complete and sepa ra t e  subsystem t e s t i n g  
wi th  margins. The c e n t r a l i z e d  DC system requ i r e s  complete e l e c t r i c a l  system t e s t i n g  
t o  v e r i f y  compa t ib i l i t y  between subsystems because of t h e  common power supply.  
Fu r the r ,  a c t u a l  margins f o r  t h e  c e n t r a l i z e d  DC system a r e  d i f f i c u l t  t o  i d e n t i f y .  
For these  reasons,  t h e  c e n t r a l i z e d  DC system i s  considered l e a s t  d e s i r a b l e  from t h e  
EMC s tandpoint .  
DC i s o l a t i o n  i s  provided by both t h e  d i s t r i b u t e d  DC and AC systems. The e l e c t r i c a l  
no i se  produced with h igh ly  e f f i c i e n t  DC t o  DC converters  o r  i n v e r t e r s  i s  a t  r a d i o  
frequency, and i s o l a t i o n  i s  d e s i r a b l e ,  p a r t i c u l a r l y  f o r  a spacec ra f t  having an AC 
magnetometer. The d i s t r i b u t e d  DC system provides a d d i t i o n a l  f i l t e r i n g  between 
subsystems due t o  both inpu t  and output  f i l t e r i n g ;  and because the no i se  generat ing 
c i r c u i t s  ( o s c i l l a t o r ,  power switch and t ransformers)  a r e  i n  c lose  proximity t o  each 
o the r .  By c o n t r a s t ,  t h e  d i s t r i b u t e d  AC system d i s t r i b u t e s  t h e  switching n o i s e  
throughout t he  spacec ra f t .  
Noise t e s t s  were performed t o  ob ta in  a r e l a t i v e  i n d i c a t i o n  of re la t ive coupling. 
Figure 7-32 i s  a copy of some resu l t s .  The following observations a r e  made: 
o induced vo l t age  f o r  AC system i s  a func t ion  of vol tage and rise t i m e .  
o induced vo l t age  is  independent of power. 
o induced vo l t age  i s  g r e a t e r  f o r  the AC system. 
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P r o d u c i b i l i t y  
The number of d i f f e r e n t  power condi t ioning un i t s  t h a t  must be provided i s  a 
measure of t h e  c o s t  through t h e  design,  development, manufacturing, type approval,  
i n t e g r a t i o n ,  and system t e s t  phases. 
For the  d i s t r i b u t e d  AC system 32 t r a n s f o r m e r - r e c t i f i e r  u n i t s  a r e  r equ i r ed ,  s i n c e  
each w i l l  be designed t o  s a t i s f y  a s p e c i f i c  load requirement. I n  a d d i t i o n ,  a main 
i n v e r t e r  w i l l  be required.  
For t h e  d i s t r i b u t e d  DC system 32 DC t o  DC converters  a r e  required.  These may be 
viewed as 32 t r a n s f o r m e r - r e c t i f i e r s  w i th  i n d i v i d u a l  i n v e r t e r s  ( t h e  power o s c i l l a t o r  
f o r  t he  DC t o  DC conve r t e r ) .  A review of loads suggests  f i v e  p o s s i b l e  l e v e l s ;  
t h e r e f o r e ,  f i v e  d i f f e r e n t  i n v e r t e r s  a r e  required.  The a d d i t i o n  of one of t h e  f i v e  
i n v e r t e r s  t o  a t r a n s f o r m e r - r e c t i f i e r  r e s u l t s  i n  32 DC t o  DC converters .  
For t h e  c e n t r a l i z e d  DC system only one design is  required.  However, t h e  s e l e c t i o n  
of load vo l t ages  t o  be furnished w i l l  r equ i r e  some load redesign. Assuming load 
redesign and no s e r i o u s  load changes, t he  c e n t r a l i z e d  DC system i s  most d e s i r a b l e  
i n  t h a t  only one u n i t  i s  r equ i r ed ,  bu t  i n t e g r a t i o n  and tes t  may be c o s t l y  due t o  
design changes and the  ex tens ive  t e s t  procedures t o  a s su re  system compa t ib i l i t y .  
Both t h e  d i s t r i b u t e d  DC and AC systems r equ i r e  equal  i n t e g r a t i o n  and t e s t  s i n c e  
both contain an equal number of u n i t s .  However, t h e  d i s t r i b u t e d  AC system i s  
p re fe r r ed  s i n c e  only one i n v e r t e r  design must be developed compared w i t h  the  f i v e  
f o r  t he  d i s t r i b u t e d  DC system. Af t e r  t he  development phase, t he  c o s t s  of t he  
two systems should become equal.  
Switching 
A c r i t i c a l  po r t ion  of t h e  power d i s t r i b u t i o n  system i s  t h e  c o n t r o l  of loads through 
swi t ch ing . '  Magnetic l a t c h i n g  r e l a y s  f o r  power switching a r e  e f f i c i e n t  and r e l i a b l e  
f o r  many cycles  of operat ion.  By comparison, s t a t i c  switching i s  less e f f i c i e n t  
bu t  could be more r e l i a b l e  by c a r e f u l  design of t h e  switching c i r c u i t r y .  
&lays  i n  a redundant conf igu ra t ion  a r e  being considered,  and f o r  both the  d i s t r i -  
buted DC o r  AC system t h e  number of r e l ays  i s  i d e n t i c a l  and provides equal  e f f i c i e n c y  
and s i z e .  However, s t a t i c  switches f o r  t h e  d i s t r i b u t e d  AC system a r e  d i f f e r e n t  
from the  DC and r e su l t  i n  unequal e f f i c i e n c y  and s i z e .  The following i s  a comparison 
of AC and DC s t a t i c  switches.  
Desirable  system operat ion cons ide ra t ions  which could be implemented a s  p a r t  of 
t h e  switch c i r c u i t r y  a re :  
o s t a t i c  switching 
lion" high e f f i c i e n c y  
"off" low standby power 
o t u r n  on t r a n s i e n t  c o n t r o l  
peak cu r ren t  - 125 percent  of nominal 
o f a u l t  cu r ren t  l i m i t  
o f a i l  s a f e  ope ra t ion  
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TABLE 7-11 , 
STATIC SWITCH COMPARISON 
Ef f i c i ency  
Size :  
Switch W t .  
System W t .  * 
Switch S i z e  
R e l i a b i l i t y  ** 
Command 
C i r c u i t  Comp. 
ComD. Count Higher 
* Based on 10 Watt load average. 
** Requires a d d i t i o n a l  e f f o r t  f o r  f u r t h e r  r e l i a b i l i t y  eva lua t ion .  
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The design concepts reviewed a r e  shown i n  Figure 7-33. The AC s t a t i c  switch i s  
a s a t u r a b l e  r e a c t o r .  Switch a c t i o n  i s  ,control led through e x c i t a t i o n  of b i a s  
windings. 
i t s  constant  c u r r e n t  c h a r a c t e r i s t i c s .  F a i l  s a f e  ope ra t ion  f o r  f a u l t s  downstream 
of t h e  switch i s  provided s i n c e  the  switch f a i l s  i n  t h e  conducting s t a t e .  A back-up 
switch i s  required f o r  loads t h a t  must be switched o f f  f o r  power c o n t r o l .  A r e l a y  
i s  a good candidate  f o r  t h i s  a p p l i c a t i o n  s i n c e  it provides func t iona l  redundancy. 
Turn-on t r a n s i e n t  c o n t r o l  and f a u l t  c u r r e n t  l i m i t i n g  is  inhe ren t  i n  
A DC s h a t i c  switch candidate  i s  t h e  DC t o  DC converter  power t r a n s i s t o r s  which a r e  
base con t ro l l ed  by a u x i l i a r y  reverse vo l t age .  Turn-on t r a n s i e n t  c o n t r o l  and f a u l t  
c u r r e n t  l i m i t i n g  i s  provided by a magnetic ampl i f i e r  t h a t  a l s o  app l i e s  an o f f  
vo l t age  t o  t h e  switching t r a n s i s t o r s  when t h e  input  c u r r e n t  i s  above t h e  prescr ibed 
va lue .  Addit ional  turn-on t r a n s i e n t  c o n t r o l  i s  through the  design of t he  LC i npu t  
f i l t e r .  F a i l  s a f e  operat ion i s  confined t o  load f a u l t s  downstream of the  switch.  
In the  event of switch f a i l u r e ,  f a u l t  p r o t e c t i o n  such a s  a fuse o r  c i r c u i t  breaker 
i s  required.  
For f a i l  s a f e  comparison purposes t h e  AC switch con.tinues t o  provide t h e  same 
average c u r r e n t  t o  the  load;  and a r e l a y  i s  suggested f o r  back-up load removal. 
A DC switch f a i l u r e  could provide the  same average c u r r e n t  o r  a very high c u r r e n t  
demand, and a f u s e  o r  c i r c u i t  breaker i s  required.  
This a n a l y s i s  assumed r e l a y  back-up t o  s t a t i c  switching and a fuse  f o r  f a u l t  
removal f o r  t h e  d i s t r i b u t e d  DC system. Relay weight was n o t  included s i n c e  i t  i s  
common t o  both systems. Fuse weight i s  included a s  p a r t  of a s soc ia t ed  e l e c t r o n i c  
p i ece  p a r t s  f o r  t h e  DC s t a t i c  switch.  
The r e s u l t s  a r e  summarized i n  Table 7-11. The e f f i c i e n c y  f o r  t he  d i s t r i b u t e d  DC 
system i s  based on b i a s  power requirements f o r  c u r r e n t  l i m i t i n g .  The e f f i c i e n c y  f o r  
t h e  d i s t r i b u t e d  AC system i s  based on b i a s  power and copper loss  on ly ,  s i n c e  l i t t l e  
core loss  occurs during the 'bd 'pe r iod .  The standby power f o r  "off" per iods i s  
considered equal  f o r  both systems considered. The weight i s  based on a t e n  w a t t  
average load. The d i s t r i b u t e d  AC system switch weight by d e f i n i t i o n  is  g r e a t e r  
than t h e  s i z e  of t he  power t ransformer,  s i n c e  i n  the  "off" cond i t ion  i t  m u s t  support  
f u l l  vo l t age  and present  minimum s e r i e s  r e s i s t a n c e .  The DC switch weight i s  the  
weight of a low power magnetic ampl i f i e r  and t r a n s i s t o r  switches.  P resen t ly  the 
complexity and p a r t s  count f o r  t he  DC s t a t i c  switch i s  g r e a t e r ,  bu t  a d e t a i l e d  
r e l i a b i l i t y  a n a l y s i s  m u s t  be performed on t h e  a c t u a l  c i r c u i t s .  
The DC system appears t o  have higher  e f f i c i e n c y  and lower weight,  bu t  the d i f f e r e n c e  
between systems i s  n o t  conclusive on r e l i a b i l i t y  cons ide ra t ions .  
Conclusion 
The c e n t r a l i z e d  DC system provides t h e  h ighes t  e f f i c i e n c y  and lowest e l e c t r o n i c  p i ece  
p a r t  count when i t  i s  used f o r  a s i n g l e  load. However, where a l a r g e  number of loads 
a r e  c y c l e d . t h e  system i s  complicated by a l a r g e  inc rease  i n  r e l a y s  and r e l a y  d r i v e r  
c i r c u i t s .  I n  a d d i t i o n ,  t he  i n t e r a c t i o n  a t  t h e  power supply i s  d i f f i c u l t  t o  v e r i f y  
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Comparing t h e  q u a n t i t a t i v e  r e su l t s  of t h e  d i s t r i b u t e d  AC and DC systems shows 
t h a t  no parameter by i t s e l f  can g r e a t l y  in f luence  t h e  s e l e c t i o n .  However, a 
g r e a t e r  number of advantages appear f o r  t h e  d i s t r i b u t e d  DC system and i t  i s  
recommended f o r  f u r t h e r  development f o r  TOPS. This recommendation i s  based on: 
o r e l i a b i l i t y  - growth i s  poss ib l e  a t  lower stress levels 
o d e c e n t r a l i z a t i o n  provides g r e a t e r  f a u l t  removal c a p a b i l i t y  
o higher  e f f i c i e n c y  
o lower n o i s e  coupling 
o load i s o l a t i o n  
Additional recommendations a r e  t o  continue t o  i n v e s t i g a t e  and so lve  d e t a i l  design 
problems f o r  both d i s t r i b u t e d  AC and DC systems, b u t  concentrate  on t h e  d i s t r i b u t e d  
DC approach, t o  i n v e s t i g a t e  var ious s t a t i c  switching methods, and t o  e s t a b l i s h  
i n t e r f a c e  c o n t r o l  procedures. 
7.3 E l e c t r o n i c  P iece  P a r t  F a i l u r e  Rate 
Information provided by t h e  Jet Propuls ion Laboratory i n  Technical D i rec t ion  
Memorandum N o .  TOPS-69-101 dated 26 September 1969 and shown i n  Table 7-12 is  t h e  
f a i l u r e  rate d a t a  f o r  e l e c t r o n i c  p i ece  p a r t s  t h a t  w i l l  be  used during a l l  subsequent 
work f o r  re la t ive r e l i a b i l i t y .  The only s i g n i f i c a n t  change from d a t a  used during t h e  
f i r s t  q u a r t e r  and shown i n  Table 7-1 of t h e  F i r s t  Quarter ly  Technical 'Report 
1J86-TOPS-479 dated 15 October 1969; and from d a t a  used i n  t h e  analyses  r epor t ed  
h e r e i n  and shown i n  Table 7-9 i s  t h e  a d d i t i o n  o r  d i f f e r e n t  i n t e r p r e t a t i o n  of f a i l u r e  
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7.4 Shunt Regulator R e l i a b i l i t y  Analysis 
In t roduc t ion  
Two b a s i c  shunt r e g u l a t o r  conf igu ra t ions  were compared wi th  r e s p e c t  t o  
f a i l u r e  modes and e f f e c t s  and re la t ive numerical r e l i a b i l i t y .  The c e n t r a l  
r e f e rence  wi th  m u l t i p l e  shunts ,  shown i n  Figure 7-34 w a s  judged less d e s i r a b l e  
than t h e  quaded r e f e r e n c e  and shun t ,  shown i n  Figure 7-35. The r e s u l t s  of 
t h e  numerical  r e l i a b i l i t y  comparisons are presented i n  Figure 7-43. 
Mul t ip l e  Shunts 
Figure 7-34 shows t h e  b a s i c  concept f o r  a m u l t i p l e  shunt system. The redundant 
c e n t r a l  r e f e r e n c e  and c o n t r o l  c i r c u i t  i s  switched t o  backup au tomat i ca l ly  by a 
f a i l u r e  d e t e c t o r  s o  t h a t  no f a i l u r e  maintains  an over o r  under v o l t a g e  cond i t ion  
on t h e  bus. Figure 7-36 shows t h e  c i r c u i t  which would be  used f o r  r e fe rence  
and Figure 7-37 shows t h e  schematic of an over-under vo l t age  f a i l u r e  d e t e c t o r  
and switchover c i r c u i t .  The c a p a c i t o r  C 1  provides  energy s t o r a g e  t o  a s s u r e  
switchover d e s p i t e  a f a i l u r e  which could r e s u l t  i n  an instantaneous drop of 
t h e  bus v o l t a g e  t o  a low value.  Figure 7-38 i s  t h e  schematic of a shunt element. 
R 1  and R2 are power r e s i s t o r s  f o r  reducing power d i s s i p a t i o n  i n  Q 1  and 42. 
For a low number of shun t s  ( N 8 ) ,  Q 1  and 92 would be  l a r g e  power t r a n s i s t o r s  
(high power s h u n t ) ,  b u t  i f  many shunt  (2 10) were t o  be  used, 42 could be a 
medium power t r a n s i s t o r  and R2 can be  el iminated (low power shun t ) .  
Table 7-13 l ists  t h e  p a r t s  and corresponding f a i l u r e  rates f o r  t h e  above 
c i r c u i t s .  
Technical Report 1J86-TOPS-479 dated 15 October 1969. 
and a s s o c i a t e d  mathematics f o r  c a l c u l a t i n g  a p r o b a b i l i t y  of success  f o r  
m u l t i p l e  shunt conf igu ra t ion  i s  given i n  Figure 7-39. 
is  used i n  c a l c u l a t i o n s  f o r  t h e  shun t s  s i n c e  f a i l u r e ,  p a r t i c u l a r l y  opens, can 
be t o l e r a t e d  with proper load manipula.tion. 
contained i n  a d e s k s i d e  computer program MULTSREL shown i n  Table 7-14. For 
analyzing j u s t  t h e  binomial p r o b a b i l i t i e s  of many elements allowing f a i l u r e s ,  
a second program TJEPLREL, shown i n  Table 7-15, w a s  used. 
The f a i l u r e  rates are taken from Table 7-1 of t h e  F i r s t  Quarter ly  
The r e l i a b i l i t y  model 
The binomial p r o b a b i l i t y  
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Table 7-14. MULTSREL Computer Program 
00018 * CALCULATES R E L I A B I L I T ' I  F a R  NULTIPLE SdmT SCdEME 
00020 PRIlV T t  ** 1'41 SSI at'4 TI MI E ( 'I E A R S )  "I HEAL); T f  
00030 3 P R I N T : "  
00040 P H I N T t "  ELEiVlE'dT LANBDAI NUMBER OF S d U V T S ,  I ~ W B E H  3 F  SriUgT 
001i150 &FA1 LUHES"I RWD8 ISsi\1SsIUF 
00060 
08070 T=-TI*365.2!5*24.0*1*0E-06 
00080 PHI AI T t  *' CO.3 TROLI FAI  L UHE I)E TECTOK LAPll3I)AS"I HEAD8 I C .  I F D  
I F t  Y S. E Q o  00 1 ST9 P 
0003 0 RC= E& P( Y C* TI 1 RFD= EXP( 'I FD* TI 
00 1 00 H 1 0  RC+ HC* RFD- riC* RC* RFD 
001 10 31 CdiVTINUE 
08 120 RS= EXP( Y S* TI 
00130 PHIiVT l82rRS 
001 40 PHI$V T 103. HCS HFD 
a0150 PRIiJT 100 
00 1 60 F A G  T= 1 e 3 I = 01 PO 1 e 
00 17v1 HT=RS**iV SI H = H T  
B0180 P H I W  10irlrK 
00198 Ih3 18 I = B s d F  
00280 FACT= FACT* C t V  S- I 10 I 




Table  7-14. WLTSRE'L Computer Program (Continued) 
00230 10 PRINT 1 0 1 r I ~ e  
e0248 P H I i J T t  @ *  "JPRIJVTZ '* "3 a TO 9 
00250 $00 FORMAT( 1rl -D "NWBER A L L 0  WED"D / D  14 D '* TO F A I L " r  
00260 & 14x1 "RELI A B I  L I  T I " )  
00270 101 FORPIAT< l d  r I  13rF2L3.7)  
00280 102 FORNAT( 11401 " S r l W T  R E L I A B i L I  TI='*r  Ft00 6 )  
80230 103 FaRrYIAT( Id D O * C O N T R O ~  H E L I A B I L I T ~ ~ " D F ~ B o ~ D / D  14 D 
00300 & " F A I L U R E  DETECTC)H R E L I A B I L I  T Y ~ ' * r  FIB. 6 )  
00310 Ei'J1) 
EN0 O F  FILE N U L T S R E L  
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Table 7-15.  TJEPLREL Computer Program 
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Figure 7-40. Mul t ip l e  Shunt R e l i a b i l i t y  
7-83 
1J86-TOPS480 
Table 7-16 shows t h e  r e s u l t s  of executing MULTSREL f o r  t h e  conf igu ra t ion  
being discussed.  
is  p r i n t e d .  The top  p r i n t o u t  g ives  t h e  p r o b a b i l i t i e s  f o r  t h e  system as 
discussed,  t h e  lower p r i n t o u t  c a l c u l a t e s  t h e  p r o b a b i l i t i e s  with c o n t r o l  
and f a i l u r e  d e t e c t o r  r e l i a b i l i t i e s  of 1. The small d i f f e r e n c e  (.9691 ve r sus  
.9647 a t  2 f a i l u r e s )  shows t h a t  t h e  major c o n t r i b u t o r  t o  t h e  u n r e l i a b i l i t y ,  
e s p e c i a l l y  where fewer than  two f a i l u r e s  are allowed, i s  t h e  shunts ,  n o t  t h e  
c o n t r o l  o r  f a i l u r e  d e t e c t o r ,  
To be  real is t ic ,  t h e  m u l t i p l e  shunt system would absorb some shunt elements 
f a i l e d  open w i t h  no e f f e c t  on r e g u l a t i o n  due t o  design margins. 
p r e s e n t s  t h e  r e l i a b i l i t y  of j u s t  t h e  shun t s ,  t h e  r e s u l t s  of executing TJEPLREL, 
shown i n  Table 7-16. Allowing two f a i l u r e s  provides  n e a r l y  maximum r e l i a b i l i t y  
from 4 t o  10  shunts ,  and l i t t l e  under t h e  maximum f o r  10  t o  15 shun t s ,  as can 
be seen from t h e  
g r e a t  r educ t ion  i n  r e l i a b i l i t y  f o r  more than 8 shunts  when fewer f a i l u r e s  can 
be  t o l e r a t e d .  To assess t h e  maximum p o s s i b l e  r e l i a b i l i t y  t h a t  could b e  
obtained from a m u l t i p l e  shunt system, i t  w a s  assumed t h a t  only f a i l u r e s  s h o r t  
would be counted i n  a system of 8 o r  more low power shunts .  Accordingly, only 
two t r a n s i s t o r s  could c o n t r i b u t e  t o  a s h o r t  f a i l u r e  because i t  i s  assumed t h a t  
a r e s i s t o r  cannot f a i l  i n  such a manner as t o  cause overdrive of t h e  shunt .  
I n  add i t ion ,  it w a s  assumed t h a t  10% of t h e  t r a n s i s t o r  f a i l u r e s  would be  open. 
Therefore,  t h e  p r o b a b i l i t y  of a shunt f a i l u r e  would be  .9 t r a n s i s t o r s  
where R-e- 
The p r o b a b i l i t i e s  of success  allowing 0, 1 o r  2 f a i l u r e s  
Figure 7-40 
h = .348 curve.  The 1 and 0 f a i l u r e  curves show t h e  
A f d t a l  
t o t a l  x t i m e .  For an approximation t h i s  w a s  assumed t o  b e  
l-e -.9 t r a n s i s t o r  x T i m e  
t o  f a c i l i t a t e  i npu t  t o  t h e  program. 
Accordingly, t h e  lower p r i n t o u t s  of Table 7-17 shows an element 
.09, ( .9 X (.08 + .02) ) .  Under t h e s e  assumptions, every f a i l u r e  would correspond 
t o  a power l o s s  corresponding t o  V2/R; where V = bus v o l t a g e  and R i s  t h e  va lue  
of t h e  shunt power r e s i s t o r .  I f  one f a i l u r e  s h o r t  can be  t o l e r a t e d ,  t h e  relia- 
b i l i t y  would be  .986 using t h e  8 shunt p r i n t o u t ,  and -982 f o r  15 shun t s .  
A of 
Quaded Reference-Shunts 
The gene ra l  conf igu ra t ion  f o r  t h e  quad shunt proposed f o r  TOPS i s  given i n  
Figure 7-35. The d e t a i l e d  schematic of t h e  shunt is  included i n  Sectfon 4 . -  Two 
conf igu ra t ions  were examined, an H conf igu ra t ion  and a I1 configurat ion,  t h a t  i s ,  
c e n t e r  connected and c e n t e r  n o t  connected. 
Obviously t h i s  system can absorb one o r  more f a i l u r e s  wi th  no e f f e c t  on 
r egu la t ion .  It i s  l ikewise  evident  t h a t  how t h e  element f a i l s  determines t h e  
e f f e c t .  Referr ing t o  Figure 7-35, a s h o r t  i n  e i t h e r  t op  element and s h o r t  
i n  e i t h e r  bottom element would s h o r t  t h e  bus,  but  two opens i n  t h e  same p l a c e  
have no e f f e c t .  Accordingly, a d i f f e r e n t  approach t o  t h e  a n a l y s i s  w a s  used. 
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Table 7-16. Multiple Shunt System Reliability 
SFQRT MULTSREL 
HISSION TIME (YEAHS)=A0 
Ns r\lF 
3 3 
ELE’IEVT LALLBDAs NUNBER O F  SHUUISTS, NUMBER OF S d W T  F A I L U R E ~ 0 . 3 4 8 ,  t3 i  2
CONTROLS FAILURE DETECTOR LAMBDAS= 0.256s 2.345 
SHUVT RELIABILITY= 00969955 
FA1 LURE DETECTOR RELI A 8 1  L1 TYP 0.8 1 4 1 6 9  
CO~VTROL RELI ABILI Tr= 0.9 77399 
1 U4 BER ALL0 WED 
TO F A I L  R E L I  AB1 L I  TY 
0 0. 7834520 
1 0 r  3 49 0 A S 0  
2 0.9 64729 7 
ELEYEiVT LAMBDAD NUMBEH OF S ~ U V T S S  AUYBEH O F  SHUVT FAILURESI0.348r 8 s  2 
CONTROLD FA1 LURE DETECTOR LAMBDAS 0. O D  0.0 
%UYT RELIABILITY= 0.969955 
CONTROL RELl AB1 L I  TY= 
FA1 LURE DETECTOR RELI 
NUMBER ALLOWED 
T3 F A I L  HELI ABILI TY 
0 0,7834S20 
1 0. 9 53328 1 
2 0.9 63 1 1 4 2  
ELEtYENT LAMBDA, NUMBER O F  Si-llAUVTSs IVUVIBEH OF SHUVT FAILURES=O,Bs 0 









Table  7-16. SHUNT'REL Computer Program (Continued) 
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Table 7-16'. SHUNTREL Computer Program (Continued) 
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Table 7-16, SHUNTREL Computer Program (Continued) 
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Table 7-17. Modified Multiple Shunt Reliability . -  - 





SdLJRUT R E L I A B I L I  TYS 0.99 
COad TROL RELI AB1 L I  TYP 80 9 773 09 
FAILURE DETECTOR R E L I A B I L I T Y =  00814189 
~ ~ v l B E ~  ALL0 WED 
TO F A I L  RELI A B ~ L I  rf 
0 0 0 9 38 8 35 3 
1 @ e  98 64052 
2 0.98 76365 
I A B I L I F Y s  8.99 
COY TROL RELI AB1 L I  T3= 00 
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I ; i r H t  t1w r c R i s t o r  bank conf igu ra t ion  was analyzed wi th  the  a id  of the  
( I V H  k H i ( l c 9  program TJEPLREL which c a l c u l a t e s  p r o b a b i l i t i e s  allowing f a i l u r e s  
~ i i i i ~ i i ~  ~ I J I I ~ Y  cblcments, Each p a r a l l e l  s t r i n g  was f i r s t  considered independent 
rind t h c w  t l i c l  o v e r a l l  bank r e l i a b i l i t y  is (R  p a r a l l e l  s t r i n g ) * .  Figure 7-41 
grtiphicrilly Hhms the  gene ra l  r e s u l t s  f o r  a p a r a l l e l  s t r i n g  allowing up t o  
two f a i l u r e s  for a f a i l u r e  r a t e  of 0.09 per m i l l i o n  hours. It is obvious 
Ifroiii t h c -  graph t h a t  a des ign  pe rmi t t i ng  two f a i l u r e s  f o r  a s t r i n g  of 4 t o  
14 r e s i s t o r s  achieves the maxfmum r e l i a b i l i t y  and t h e  r e s i s t o r  bank is so 
t l ~ w i p c t l  * 
' 1 ' 1 1 ~  r e l i a b i l i t y  numbers f o r  the  quad, s h u n t  elements a r e  c a l c u l a t e d  by 
rriicccsxive m u l t i p l i c a t i o n s  of a s t a t e  mat r ix  LS3 by a t r a n s i t i o n  ma t r ix  
t o g e t  thc  next  s t a t e  matr ix .  
;isxumcitl  t o  f a i l  such t h a t  i t  provides t o o  much shunt ing ( shor t )  o r  provides 
f n s u f f i c i r n t  shunt ing (open). The s t a t e s  a r e  def ined  i n  Table  7-18 f o r  both W 
Each of the  four  elements i n  the  shunt is 
nntl n conf igu ra t ions .  
1 nsRumptions a r e  made i n  developing the  t r a n s i t i o n  ma t r ix ,  which i s  
t r i x  of p r o b a b i l i t i e s  of changing s t a t e .  (@,3)is the  p r o b a b i l i t y  of 
Crom s t a t e  1 t o  s t a t e  3 .) The t r a n s i t i o n  p r o b a b i l i t i e s  a r e  c a l c u l a t e d  
That is:,Qn terms f o r  N >  1 
Lor ti  small  time i n t e r v a l ,  t h e r e f o r e  t h e  p r o b a b i l i t y  01 two f a i l u r e s  
occurinj~  wiLIiin t h c  time period can be ignored. 
wl l l  h i s  c i s x i i n i c d  i n s i g n i f i c a n t .  Since thc  s which were c a l c u l a t e d  i n  t h e s e  
i n s i g n f l i c n n t  compared t o  a Q1 term. 
:xt: i tc I (no clement f a i l u r e s )  t o  s t a t e  6 ( r e g u l a t i o n  f a i l u r e )  is 0. No change 
iii thc cilctmrnt fa i lure-mode can occur ,  t h a t  is, t he  element w i l l  no t  open 
n1 tvr Coiling s h o r t  o r  become shorted a f t e r  f a i l i n g  open. It was assumed t h a t  
(W'I, of thc t r a n s i s t o r  f a i l u r e s  were s h o r t ,  75% of the  comparator i n t e g r a t e d  
r.i.rciiiL would causc i n s u f f i c i e n t  shun t ing ,  and t h a t  r e s i s t o r s  on ly  f a i l  open. 
W i t 1 1  t l i c b  preceeding assumptions, p a r t s  o r  f a i l u r e s  which would n o t  p o s i t i v e l y  
I l i i l  L h c I  c i r c u i t ,  such a s  base-emi t te r  leakage r e s i s t o r  opens, were ignored. 
l l r i m l d a  t o  open and lambda t o  s h o r t ,  as  given i n T a b l e  7-13.were c a l c u l a t e d  by I , 
eiiniining t h o  p a r t  f a i l u r e  r a t e  o r  the percentage of t h e  p a r t  f a i l u r e  r a t e  
wlilch con t r ibu ted  t o  t h a t  mode of f a i l u r e .  Since s h o r t i n g  of t he  Zener diode 
woiild no t  cause too  much shunt ing because the  c o n t r o l  c i r c u i t  would compensate, 
coinputxtions wkre i n  t h e  order  of 10'5, Q 9' terms can s a f e l y  be assumed t o  be 
Thus t h e  p r o b a b i l i t y  of going from 
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Figure 7-42. Shunt Regulator Comparative Reliability 
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A computer program w a s  w r i t t e n  f o r  t h e  deskside t o  handle t h e  computations 
given below: 
Where: NR = number of r e s i s t o r s  i n  p a r a l l e l  
.NF = number of r e s i s t o r s  allowed t o  f a i l  
Rms = e - h r e s i s t o r  x T i m e .  
[SI = Quad state matrix 
[TI  = Quad t r a n s i t i o n  matrix 
* i t e r a t e d  1000 times f o r  any inpu t t ed  t o t a l  t i m e .  
The Program SHUNTREL c a l c u l a t e s  and p r i n t s  ou t  t h e  r e s i s t o r  bank r e l i a b i l i t y ,  
t h e  1000th time i n t e r v a l  and corresponding t r a n s i t i o n  matr ix ,  and 10 s ta te  
matrices so t h a t  t h e  f low of s ta te  changes can be  followed. A sample p r i n t o u t  
is  given i n  Table 7-19 and Table 7-20. 
state 6 p r o b a b i l i t y ] )  i s  w r i t t e n  a t  t h e  lower r i g h t  of t h e  p r i n t o u t .  
f o r  d i f f e r e n t  conf igu ra t ions  and f a i l u r e  rate combinations i s  g r a p h i c a l l y  
presented i n  Figure 7-42. 
have d i f f e r e n t  r e l i a b i l i t i e s  depending upon which type ( s h o r t  o r  open) of element 
f a i l u r e  is  most l i k e l y .  However, f o r  t h e  range of h o  t o  As conceivable 
f o r  t h i s  c i r c u i t ,  t h e  r e l i a b i l i t y  d i f f e r e n c e s  are too  s m a l l  t o  d e c l a r e  one 
conf igu ra t ion  t h e  b e s t .  
by o p e r a t i o n a l  cons ide ra t ions .  s 
The shunt e l e c t r o n i c s  r e l i a b i l i t y  ( l - [ t h e  
This  f i g u r e  
A s  would b e  expected, t h e  H and I1 conf igu ra t ions  
The choice of conf igu ra t ions  w i l l  be  inf luenced most 
Remarks 
The most u n r e l i a b l e  p a r t  of t h e  quad shunt is t h e  r e s i s t o r  bank. I n  t h i s  
a p p l i c a t i o n ,  t h e  f a i l u r e  rates probably are no t  v e r y  r e p r e s e n t a t i v e  of t h e  
f a i l u r e  assumed i n  t h i s  a n a l y s i s .  Re la t ive ly  l a r g e  changes i n  r e s i s t a n c e  
(+20%) would not r e s u l t  i n  a f a i l u r e  i n  t h i s  a p p l i c a t i o n ,  b u t  such d r i f t  
ou t  of t o l e rance  d id  c o n t r i b u t e  t o  t h e  f a i l u r e  rates. 
t h e  r e l i a b i l i t y  f o r  t h e  quaded shunt are conservat ive.  
Hence, t h e  va lues  of 
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Table 7-19. Quad Shunt Reliability ( H) 
08/28/69 8.3 
MISS1ON TIME 
TYPE I N  LAMBDAS 9:J FAILUHES I La, LJWS 
RES1 STQ RI Sd UV TC 0 PEN > I Srl U’4 RTB o 00226.9 8.346 
NUMBER RES1 STQRS iV P A ~ A ~ ~ ~ L . 9  ER ALLOWED TO F A I L S  68 2 








lYATRII( FOR 87.660 FdOclriS 
0.00006066 0.8160039 62 0. 000061d66 0. a00039 62 0. 
0. 999839 72 0. 0. 0. 000039 62 0. 00006066 
0. 00003033 li).9938449% 8.00006066 0000003962 0. 00001980 
0. 0.00003962 00999d9372 0. 0. 88006866 
0.00086066 0.00003962 8. 00003033 0.99934953 0. 001601980 
0. 0. b39 0. 1 00000000 
2 3 5 6 
STATE H A T R I A  
Y RS 1 2 3 4 5 6 
0. 1.000000 0. 0. 00 0. 0. 
1.80 8.980142 00005994 8.003913 Oo(405394 0.003913 0.000044 
0960673 0.011d45 0 . 0 0 ~ 7 3 ~  00 111345 0. 007730 8.0001 75 
3.00 0.941601 00017555 0.@11451 .017555 0.011451 0.000331 
e322903 8.023127 00015078 0*@23127 0.015076 0.01)069@ 
50816 00904576 0.028565 B 1 0 b d i 6  5 0.010615 0.001070 
60  00 8.88 661 3 0. 0338 7 8.022862 89 0338 70 8.022862 0.001 523 
79 $0 0.8 69086 0. 839046 0.8125422 0. 0 ~ 9 0 ~ 6  8. 025422 09 002065 
8.88  8.851749 16.044094 0 . ~ 2 8 6 9 6  0 9 ~ 4 ~ 0 ~ 5  8.028696 0.002676 
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Tab le  7-20. Quad Shunt R e l i a b i l i t y  (11) 
iVUrJlBER RESISTORS I N  PARALLEL,  *‘JVBBER ALLOWED TO FAIL= 6 s  2 








M A T R I X  FOR 
2 
0.00886066 





870 660 rlOUrlS 
3 4 5 6 
8.000839 62 0.88006866 0.800033 62 0. 
0.8000198 1 v). 00806066 0. 000039 62 0. 00083032 
0.999899 72 8. a0006066 0. 0. 008039 62 
0.00003962 0.999849 58 008000198 1 0. 061903032 
0. 0. 8.999399 72 0. 0001633 62 
0. 0. 0. 1. 00000000 
STATE PIATHI X 
Y RS 1 2 3 4 5 6 
0. 1.000008 0. 0. 0. 0. 0. 
1.00 8.988142 0.005931 0.003921 0.005991 0.003321 0.@00033 
2.80 8.96067d 8.011334 0.0Q7761 0.011834 0.009761 
3.00 0.941601 0.017531 8.01L521 0.017531 0.011521 
4.00 0.922903 0.023885 0.815201 0.023035 0.015202 
5. 00 0.904576 0028500 0.018805 00828500 0.018805 
6.00 0.88 661 3 0.033779 0. 022333 0.033779 8. 022333 
7.00 00869006 0.038924 0.025786 0.038924 0.025786 
8.00 0;t351943 0.043938 0.023166 43333 0.029 166 
9.0Q 0.839835 0.848325 Idlm(a32474 46825 B o  832474 
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P r o b a b i l i t y  of success  numbers f o r  t h e  two conf igu ra t ions  were c a l c u l a t e d  
as previously descr ibed.  
mission. The exact mission t i m e  i s  n o t  s i g n i f i c a n t  f o r  t h i s  a n a l y s i s  s i n c e  
t h e  numbers being c a l c u l a t e d  were f o r  comparison only.  
Figure 7-43 g r a p h i c a l l y  p r e s e n t s  t h i s  comparison. 
b a s i c  (no f a i l u r e )  r e l i a b i l i t y  is  .9388. Allowing one f a i l u r e  r e s u l t s  i n ' a  
r e l i a b i l i t y  of .9864, bu t  t h i s  is  a d e f i n i t e  r educ t ion  i n  a v a i l a b l e  power 
s i n c e  only f a i l u r e s  s h o r t  were included. 
approximately one-eighth t h e  d i f f e r e n c e  between maximum i n i t i a l  power and t h e  
minimum i n i t i a l  l ead ,  which, assuming t h e  shunt does n o t  have t o  c o n t r o l  t h e  
bus wi th  no s p a c e c r a f t  l oads  appl ied,  i s  258/8=32 w a t t s  f o r  an end of l i f e  
c a p a b i l i t y  of around 300 w a t t s .  
would s e r i o u s l y  impact t h e  number of science loads  which could be  powered. 
quaded shunt ,  however, has  a r e l i a b i l i t y  of .980 which i s  no l o s s  of power. 
Since t h e  s p a c e c r a f t  i s  end of l i f e  power l i m i t e d ,  a l o s s  of power t o  achieve 
r e l i a b i l i t y  i s  no t  an accepted t r a d e ,  e s p e c i a l l y  when t h e  quad shunt provides 
a s i g n i f i c a n t l y  h ighe r  r e l i a b i l i t y  f o r  no power l o s s  over t h e  m u l t i p l e  shunt 
scheme (.980 ve r sus  .939). I n  a d d i t i o n ,  allowing one f a i l u r e  i n  t h e  m u l t i p l e  
shunt scheme does no t  r e s u l t  i n  a s i g n i f i c a n t  g a i n  over t h e  quad shunt (.986 
ve r sus  ,980). Thus t h e  quad shunt is  t h e  p re fe r r ed  approach from a r e l i a b i l i t y  
considerat ion.  
A l l  calcula.t ions were done assuming a t e n  year  
The m u l t i p l e  shunt c i r c u i t s  
The amount of power would b e  
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SECTION 8. CONCLUSIONS 
The s t a g e  of t h i s  e f f o r t  does not  permit any f i r m  conclusions t o  be  drawn 
a t  t h i s  t i m e .  
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SECTION 9. RECOMMENDATIONS 
Based on analyses  completed t o  d a t e ,  s e v e r a l  areas f o r  a change i n  require-  
ments appear t o  be  necessary o r  d e s i r a b l e .  
1. It is  recommended t h a t  a l l  electrical  power be  d i s t r i b u t e d  
as d i r e c t  c u r r e n t ,  and inve r t ed  a t  t h e  us ing  subsystem o r  converted 
w i t h i n  t h e  us ing  equipment t o  i n c r e a s e  t h e  o v e r a l l  r e l i a b i l i t y  
of t h e  e lectr ical  power subsystem. 
2. It i s  recommended t h a t  t h e  requirement f o r  condi t ioning of 
p re s su re  s i g n a l s  from t h e  RTG's be d e l e t e d ,  s i n c e  t h i s  i s  
n e i t h e r  d e s i r e d  nor  required by t h e  RTG. 
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SECTION 10. NEW TECHNOLOGY 
No items of new technology have been i d e n t i f i e d  dur ing  t h e  per iod covered 
by t h i s  r e p o r t .  
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